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ABSTRACT 
In the present study, effort has been made to assess treatability of beverage wastewater 
using three sequencially arranged suspended growth bioreactors, consisting of anoxic 
(ANX-C), aerobic (AER-C), and aerobic digester chambers (AD-C). Settler was 
incorported to separate sludge. Biodegradation efficiencies of pollutants such as 
chemical oxygen demand (COD), Total suspended solids (TSS), ammonia-nitrogen 
(NH3+-N) and nitrate nitrogen (N03--N), were examined by changing organic loading 
rate (OLR), hydraulic retention time and internal recycle ratio. ANX-C and AER-C 
HRT and OLR ranges between 9.6-21 and 20-66.7 hours, and 1.34-3.85 and 
0.21-0_.79 kg COD/m3 d and, respectively. AD-C was monitored for solids degradation 
with SRT of 10 days. Minimum bioreactor HRT resulted 95 % COD removal 
efficiency, with effluent clarifier (E-CLR) concentration of 69±2 mg/L. Effluent TSS 
concentration was observed as 41±1.8 mg/L, indicating removal efficiency of91.1 %. 
Ammonia loading rate of60.2±1.2 mg NH3+-N/m3 d gave rise to E-CLR concentration 
and nitrification efficiency of 5.12±0.01 mg/L and 89.8±0.2%, respectively. E-CLR 
nitrate concentration of 18.1±0.5 mg/L was obtained, where observed nitrates 
concentration into ANX-C based on combined flow and effluent ANX-C were 46.4±0.9 
and 0.5±0.03 mg/L, respectively. Nitrate loading rate of 1.12±0.02g N03--N/d, resulted 
denitrification percentage and rate of 98.9±0.1 % and 252±8 mg N03--N/g VSS d, 
respectively. AD-C achieved between 32 to 9.7 % mixed liquor volatile solids and 
MLSS reduction, respectively. Maximum substrate utilization rate (k), half velocity 
constant (Ks), growth yield co-efficient (Y), and decay coefficients (kd) were determined 
from Monod's model as 2.81 d-1, 979 mg sCODIL, 0.72 mg VSS/mg sCOD, and-
0.0172 d-I, respectively. Maximum specific growth rate (pmax) was found as 2.03 d-1• 
Removal efficiencies drof>ped with reduced HRT and increase in OLR af>plied to 
bioreactor. AD-C efficiency reduced due to increase in solids loading. This study has 
shown applicability of integrated bioreactor to accomplish stable performance of 
organic matter removal and nitrification, denitrification, and sludge degradation. 
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ABSTRAK 
Dalam kajian ini, usaha telah dibuat untuk menilai Kebolehrawatan air sisa minuman 
menggunakan tiga berurutan diatur bioreaktor pertumbuhan terampai, yang terdiri daripada 
anoxic (ANX-C), aerobik (AER-C), dan dewan pencema aerobik (AD-C). Kecekapan 
pembiorosotan bahan pencemar seperti keperluan oksigen kimia (COD), jumlah pepejal 
terampai (TSS), ammonia-nitrogen (NH/-N) dan nitrogen nitrat (N03-N), telah diperiksa 
dengan perubahan kadar permuatan organik (OLR), masa pengekalan hidraulik dan nisbah 
kitar semula dalaman. HRT untuk ANX-C dan AER-C adalah antara 9.6-21 dan 
20-66.7 jam masing-masing. AD-C telah dioperasi sebagai sistem sub dengan SRT 10 hari 
untuk memantau penurunan pepejal. Pada HRT bioreactor yang minimum, kecekapan 
penyingkiran COD yang mencapai 95 % telah diperolehi, bersamaan dengan kepekatan 
efluen penjemih (E-CLR), iaitu 69±2 mg/L. Kepekatan TSS efluen telah diperhatikan 
sebanyak 41±1.8 mg!L, mewakili kecekapan penyingkiran sebagai 91.1 %. Kadar muatan 
ammonia sebanyak 60.2±1.2 mg NH3+-N/m3 d menghasilkan kepekatan E-CLR dan 
kecekapan nitrifikasi iaitu 5.12±0.01 mg/L dan 89.8±0.2 % masing-masing. Kepekatan 
nitrat E-CLR sebanyak 18.1±0.5 mg/L telah diperhatikan, di mana kepekatan nitrat ke 
dalam ANX-C berdasarkan pengabungan aliran dan efluen ANX-C telah diperhatikan 
sebagai 46.4±0.9 dan 0.5±0.03 mg/L masing-masing. Kadar permuatan nitrat ke dalam 
ANX-C adalah 1.12±0.02g N03--N/d, menyebabkan peratusan dan kadar denitrification 
sebanyak 98.9±0.1% dan 252±8 mg N03--N/g VSS d masing-masing. AD-C mencapai 
antara 32 hingga 9.7% MLVSS dan pengurangan MLSS masing-masing. Kadar 
penggunaan substrat (k) maksimum, malar halaju separuh (Ks), pekali hasil pertumbuhan 
(l}, dan pekali reput {kt) telah ditentukan daripada model Monod sebagai 2,81 d-1, 
979 mg sCODIL, 0. 72 mg VSS/mg sCOD dan -0.172 d-1 masing-masing. Kadar 
pertumbuhan tentu maksimum, (flmax) adalah didapati sebagai 2.03 d-1. Kecekapan 
penyingkiran menurun dengan penurunan dalam HR T dan peningkatan dalam OLR. 
Kecekapan AD-C menurun disebabkan oleh peningkatan dalam pepejal loading. Bioreaktor 
bersepadu telah dicapai prestasi yang stabil dan memuaskan penyingkiran organik perkara 
dan penitritan, denitrification, dan degradasi enapcemar. 
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Malaysia is aiming towards realization of vision 2020 to become a developed nation, 
through the accomplishment of its policy agenda for heavy industrialization [1]. The 
consistent and rapid growth of urban-industries in Malaysia has undoubtedly lead to an 
increase in the economic position of its citizens [2]. In spite of this, it is also indisputable 
that, while industrial growth is fundamental to the advancement of any country, it is 
likewise recognized to be a major source of pollution and resource depletion, leading 
to environmental degradation [3]. Upon these challenges, Malaysia has an impressive 
record of global headway, for being distinct as evident in the environmental 
performance index (EPI) report, where in 2016 it ranked 63rd out of 180 countries 
examined in addressing challenges, especially regarding to environmental issues [4]. 
Wastewater from food and beverage industries (FBI) contribute to environmental 
problems [5]. It is consequently imperative to tackle FBI wastewater problems [6], 
considering its high content of organic matter, suspended solids, and oil and grease 
[7, 8]. This is essential to meet the stringent environmental regulations, in the 
circumstances where conventional system are constraint to accomplish due to 
limitations in design and policy reviews. The quantity and general quality (i.e., pollutant 
strength, nature of constituents) of the generated wastewater have both economic and 
environmental consequences of its treatment and disposal [9]. Inadequate wastewater 
treatment can have serious ecological implications and public health [10, 11]. Discharge 
of poorly treated wastewater into a stream or river results in eutrophication conditions, 
depletion of dissolved oxygen and aquatic toxicity [12-14]. 
1 
Development of improved treatment systems that can conform with the set 
standards are necessary [ 5, 15], inorder to realize effective effluent quality that can fulfil 
augmented production capacity, by targeting improved systems of wastewater 
treatment plant (WWTP) operation [ 16, 17]. Selection of any biological process to treat 
wastewater is based on the nature of wastewater and its organic matter concentration 
[18]. Aerobic treatment is an alternative to slower anaerobic treatment process for 
concentrated industrial wastewater such as FBI wastewater, and various biological 
treatment systems have been developed and used for the treatment of wastewater 
generated from FBI [18, 19]. 
Activated sludge process (ASP) is globally used as major biological treatment 
method for industrial wastewaters to effectively remove total suspended solids, organic 
pollutants and nitrogen [20, 21]. However, extensive application of ASP has aggravated 
sludge problems [22], where legislations are promulgated to control and ensure 
effective management of excess sludge [23]. Another major disadvantage for 
conventional ASP exist such as the use of large space for installation, and odorous 
smell. There is rising interest to curtail drawback of excess sludge problems due to 
operation of aerobic treatment systems, where sludge disposal accounts for 25-65 % of 
running cost for the operation [24]. Ideal and appropriate way to handle excess sludge 
related problems as post treatment, is to practically consider its reduction strategies 
during operation [25]. Anaerobic ponds are typically used to degrade high strength 
organic matter to manageable concentration, followed by supplementary treatment 
intermediated through aerobic systems prior to discharge into receiving streams (26]. 
However, anaerobic ponds followed by aerobic systems will occupy space due to 
segregated arrangement, and mainly ifthe flow rate is high. Space could be a constraint 
for some industries, though, the discharge could be low, which may perhaps offer an 
advantage to adopt an extended aeration system. These plants could be designed to treat 
flows as low as 0.002 million gallons per day (MGD) to as high as 0.5 MGD [27], 
although they could also normally treat flows between 0.01 and 0.25 MGD [28]. 
Biological treatment processes are very adaptive and effective in removal of organic 
matter and nitrogenous compounds from wastewater [29, 30]. The conventional 
biological nitrogen removal (BNR) is normally accomplished through two-step process, 
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involving denitrification which is the reduction of nitrate to nitrogen gas, and 
nitrification involving aerobic oxidation of ammonia to nitrate [31]. Biological 
nitrification/denitrification is a foremost process that has proven to be feasible, 
economically and technically for removal of nitrogen in decentralized systems [32-
35].1n this research, an inventive compact bioreactor system called integrated 
suspended growth bioreactor (i-SGBR) system was developed and operated as a pilot 
plant to treat FBI wastewater. All the treatment units are integrated into a single 
footprint system with internal and external recycle of biomass to transfer nitrates from 
aeration chamber and maintain biomass concentration in the aeration chamber. The 
bioreactor ascends vertically upward in concentric arrangement as a substitute of 
dispersing adjacently. The operation was specific to biodegradation of organic matter, 
removal of total nitrogen, and simultaneous reduction of excess sludge production. The 
proposed compact bioreactor system is targeted at small and medium size industries 
that discharge high strength wastewater with low discharge. 
1.2 Problem statement 
Wastewater from beverage industry originate from variety of several processes which 
comprises washing, product filing, heating or cooling and cleaning-in-place system, 
beverage manufacturing, and sanitizing [15, 36-38]. A great segment of the wastewater 
generated from FBI is highly contaminated with organic matter, dissolved solids, 
suspended solids, and oil & grease [14, 39-41]. Discharge ofhigh strength wastewater 
coupled with increase in production line usually results due to challenges ranging from 
over utilized capacity and poor maintenance cultures [42, 43]. Partial treatment and 
discharge of wastewater into water bodies can generate various problems, including 
elevated BODs, high suspended solids, significant nitrogen impact to set in 
eutrophication, ecosystem interruption including aquatic toxicity, and possible 
exposures on health due to potential pathogens [10, 11]. 
In Malaysia, industries are not allowed to discharge effluent into centralized sewer 
systems managed by Indah Water Konsortium (IWK). Instead, they should own 
decentralized (on-site) wastewater treatment (WWTP) facility to treat their wastewater 
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as required by law [44]. The treated effluent must comply with the revised 
Environmental Quality Act (industrial, EQA, 1974) discharge standards [45]. These 
review sets more stringent discharge limits, which include requirements for standard B 
effluent benchmark set for BODs, COD, TSS and ammonia-nitrogen concentrations at 
50 mg/L, 200 mg/L, 100 mg/L and 20 mg/L, respectively. 
The conventional systems to treat beverage industry wastewater typically adopt 
anaerobic methods owing to ability in degradation of high organic strength 
concentrations into manageable limits that would require post treatment, energy 
generation potentials, and low yield of excess sludge [26]. From this perspective, 
anaerobic microorganisms have low growth rate, process uncertainties, low settling rate 
and requirement to carryout additional treatment of deleterious effluent and gases, 
which includes ammonium ion and hydrogen sulfide [46]. Odor problems are common 
with beverage anaerobic on-site wastewater treatment systems [ 4 7, 48]. This limitation 
makes it uneasy and unfit to collocate premises of operation. In spite of achieving high 
degree of degradation from anaerobic bioreactors, it is practically impossible to attain 
complete stabilization of organic matter [26]. Consequently, final effluent produced 
from anaerobic treatment contains solubilized organic matter, which can suitably be 
treated aerobically, in this manner indicating the capabilities of utilizing anaerobic-
aerobic configuration systems [49], that can meet COD and ammonia-nitrogen limits. 
Conventional anaerobic-aerobic systems totreat wastewater suffer some drawbacks 
which include large space requirements, segregated chambers and open bioreactors 
connected in series [26]. 
Suspended and attached growth processes are regarded as the most common 
conventional microbial mediums employed to conduct the secondary treatment in 
activated sludge process systems. Suspended growth activated sludge systems are 
normally operated under low organic loading rate, thus, technical and operational skills 
are highly desirable to improve micropollutant removal, while attached growth with 
bio-carriers can withstand higher organic loading conditions [26, 50, 51]. Even though, 
this is at the expense of enormous operational liabilities, high maintenance related 
problems which include membrane fouling, clogging, odor, cost of chemicals, and 
considerable volume of excess sludge as by products goes as waste [47, 52]. Anaerobic 
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processes are followed by an aerobic second stage, which can utilize conventional 
activated sludge [53] or extended aeration process [54] to remove ammonia-nitrogen 
and phosphorus [8]. The improvement from conventional treatment system evolved to 
the use of integrated high rate up flow anaerobic sludge blanket (UASB) in combination 
with aerobic attached growth bioreactors, in order to overcome the disadvantages of the 
conventional systems [26]. These bioreactors have clear physical separation with 
individual treatment units, and can offer small space footprint [55-57]. Excess sludge 
production and management from ASP is a crucial challenge faced in aerobic WWTP' s, 
which could possibly constitute between 25-65% of overall associated expenditure of 
plant's operation [24]. 
The anaerobic and aerobic processes alone are not capable of achieving TN limits 
when solely used as options for primary treatment technology [8, 58]. Incorporation of 
an anoxic zone within the bioreactor system is essential to meet requirements for 
removal of nitrate nitrogen [59, 60]. Removal of nitrate formed in aeration chamber 
during nitrification demands configuring compartments that are oxygen depleted 
{anoxic), and zones enriched with dissolved oxygen (aerobic) [55, 61]. Pollution due to 
release of nitrate has become more evident with excessive discharge of industrial 
wastewater into water intake bodies [62]. Human health damage from 
methaemoglobinemia syndrome are eminent, moreover nitrates are linked as precursor 
of nitrosamines and nitrosamides, which are possible carcinogenic compounds, leading 
to gastric cancer due to exceeded content in drinking water, consequently, these 
impending issues have attracted worldwide attention [63, 64]. 
This research focuses on the development and integration of a compact bioreactor 
system using suspended growth process to denitrify beverage wastewater. Treatments 
units are assembled serially and concentrically, comprising anoxic, aeration, aerobic 
digestion chambers, and final clarifier for settling of sludge. This concentric 
configuration can be achieved within vertical and slender arrangement, operating under 
high MLSS concentration (2000-5000 mg/L ), and longer detention times to remove 
COD, TN, TSS, degrade excess sludge, and to achieve clarification of sludge to meet 
regulatory requirements prior to final effluent discharge. 
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1.3 Hypothesis of the research 
This research attempts to highlight the research questions as follows; 
1. What current on-site wastewater treatment approaches are presently used by 
beverage industries? 
2. How capable and efficient can integrated bioreactor system using suspended 
growth process, with configuration of anoxic, aerobic, aerobic digester and a 
clarifier, be able to treat nitrogen, degrade organic matter and decrease sludge 
generation? 
3. To what extent do individual stages of the bioreactor configurations achieve 
degradation of nitrogen and stabilization of organic matter from wastewater, 
when operated under different conditions such as organic loading rate (OLR), 
hydraulic retention time (HRT) and solids retention time (SRT)? 
4. Can the beverage wastewater be treated by suspended growth integrated 
bioreactor system to meet Malaysia's Deparment of Environment discharge 
standards? 
5. Can the relevant parameters for design of integrated bioreactor system be 
obtained from Modified Monod's biokinetics model? 
1.4 Aim of the study 
The research aims to design, develop and operate a compact biological wastewater 
treatment system that integrates all treatment units into a single bioreactor system that 
can be implemented for use by beverage industries. This bioreactor system should be 
able to accomplish effective wastewater treatment that can conform to regulatory 
discharge limits according to Environmental Quality Act (EQA, 1974) review of 2009. 
This will ensure that consequences due to improper wastewater treatment practices are 
mitigated. Safe discharge of beverage wastewater into the environment is imperative 
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and crucial for environmental sustainability to be rightly guaranteed. By so doing, 
securing the aquatic and terrestrial ecosystem can be assured towards warranting 
pollutants in wastewater are reduced to a level nature can effectively handle. 
1.5 Objectives of the study 
The objectives of this research are enumerated below: 
1. To develop the concept and design a compact pilot wastewater treatment system 
which integrates; pre-anoxic, aeration, aerobic digestion chambers, and a 
clarifier into one unit. 
2. To operate and evaluate performance of pilot plant (i-SGBR) in suspended 
growth mode to treat beverage wastewater through monitoring the system for 
carbon and suspended solids removal, nitrification and denitrification 
performance on the influence of hydraulic retention time (HRT) and internal 
recycle (IR). 
3. To determine the microbial growth and substrate utilization bio-kinetic 
coefficients for extended aeration system using Monod's model over variable 
organic loading rates (OLR) and solids retention time (SRT). 
4. To assess the bio-degradability of excess activated sludge from aerobic 
digestion process in the aerobic digestion chamber of i-SGBR system. 
1.6 Significance of the research 
The significance of performing this research was to effectively treat beverage 
wastewater using integrated suspended growth bioreactor (i-SGBR) system, which 
transforms conventional segregated treatment units into a compact wastewater 
treatment system. The study aims to assist beverage industries to attain DoE Malaysia 
industrial discharge standards, thus reducing chances of penalties due to violations and 
levies from enforcement authorities. Thus, compact treatment systems could be suitable 
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for use by small and medium industries, which are targetted for economic and "smart 
growth" strategies. 
1.7 Scope and limitation ofthe study 
The scope highlights development and integration of all treatment units into a stacked 
configuration system, assess its applicability and performance in treating raw beverage 
industry wastewater as feedstock. Suspended growth mode was utilized as bacteria 
medium for the operation of biological treatment process. Monitoring was based on 
removal efficiencies to evaluate treatment performance. The bioreactor chambers 
operated were denitrification in anoxic chamber, combined removal of carbon and 
nitrification in aeration chamber, and clarification in the secondary clarifier. Aerobic 
digestion was operated as a sub-system to degrade excess sludge. Monitoring of 
digested sludge was based on MLSS and ML VSS. Specific parameters monitored for 
sampling and testing comprise: ammonia- nitrogen (NH3+-N), nitrate-nitrogen 
(N03--N), Total Kjedahl Nitrogen (TKN), five days biochemical oxygen demand 
(BODs), chemical oxygen demand (COD), total suspended solid (TSS), mixed liquor 
suspended solids (MLSS), mixed liquor volatile suspended solids (ML VSS), sludge 
volume index (SVI), pH, dissolved oxygen (DO), temperature, heterotrophic plate 
count (HPC) and detection of micro fauna (metazoa and protozoa) from aeration 
chamber. Results of effluent quality were benchmarked with DoE Malaysia regulatory 
standards. 
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2.1 Chapter overview 
CHAPTER2 
LITERATURE REVIEW 
This chapter is aimed at developing the theoretical framework for this research. 
Important literature, publications, and reports were studied and presented. Some 
reputable search engine tools such as Google scholar, Scifinder Scholar, Compendex, 
Proquest, University Teknologi PETRONAS library facilities and services, such as 
Information Resource Center (IRC), text books, and other library archives were 
tremendously exploited, and indeed beneficial to find and retrieve important materials. 
2.2 Environmental legislation for wastewater effluent discharge in Malaysia 
The alternatives for the treatment and discharge of industrial effluent varies according 
to the legislation, and specific standards required by law in any locality. For instance, 
some laws allow integration of industrial wastewater with domestic sewage in the 
public sewerage system without pre-treatment, discharge into the public system after 
pre-treatment, direct discharge into receiving body after full treatment, and effluent use 
after full treatment [65]. However, various concerns must be factored regarding the 
socio-economic status, but in any regard the protection of public health and 
environment is ultimate goal. 
In this context, Department of Environment (DoE) Malaysia being the statutory 
authority responsible for pollution prevention, abatement, and control, and 
environmental enhancement, appraised and made more stringent effluent regulations 
[66]. Even though, level of control is more inclined to the point sources, which 
explicitly highlighted effluent sources from the sewage treatment plants, manufacturing 
9 
industries, agro-allied industries and animal farms. Consequently, these limits for 
effluent discharge from the sewage and industries must comply with the amendment of 
the Environmental Quality Act (EQA, 1974) review of 2009 [45], according to 
SEVENTH SCHEDULE (Regulation 12), EIGHTH SCHEDULE (Regulation 13) and 
NINTH SCHEDULE (Regulation 14). These requirements are emphasized in Table 2.1. 
The discharge from industries cannot end up into public owned sewer systems. As 
such, adequate provision must be made for decentralized systems to treat wastewater 
by industries, like FBI, so as to be capable of complying with set standard regulations. 
Table 2.1: Acceptable Conditions for Discharge of Industrial or Mixed Effluent of 
Std. A andB [67]. 
Parameter(mg/L) Environmental Quality Regulations, 2009 
Unit Standard A StandardB Remark 
Temperature ·c 40 40 (SEVENTH SCHEDULE, 
pH Value - 6.0-9.0 5.5-9.0 Regulation 12) 
BODsat20°C mg/L 20 50 
Suspended Solid mg/L 50 100 
Colour ADMI 100 200 
Oil& Grease mg!L 1.0 10 
Ammoniacal mg/L 10 20 
Nitrogen 
COD (Industrial mg/L 80 200 Other industries, 
effluent) (EIGHTH SCHEDULE, 
Regulation 13) 
Phosphorus mg/L na na List of parameters for 
discharge of industrial 
effluent or mixed effluent 
which best management 
Nitrate -Nitrogen mg/L 20 50 practice to be adopted 
(NINTH SCHEDULE, 
Regulation 14) 
na = not applicable 
ADMI = American Dye Manufacturers Institute 
The industrial effluent must comply with either DoE discharge standards A or B 
[45]. The standards A and B are applicable to the water catchment areas, and the 
non-water catchment areas, respectively. Consequently, standard A is when the water 
uptake (for drinking purposes) is downstream, while standard B is when the water 
uptake is upstream, as illustrated in Figure 2.1 [66, 68]. 
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Figure 2.1: Perspective of Standards A and B [68] 
The effluent discharge for organics as (BODs or COD) are limited to 20 and 
80 mg/L for standard A, and 50 and 200 mg/L for standard B, respectively. The effluent 
restrictions for ammonia-nitrogen have substantially been reduced to a minimum of 
10 mg/L for standard A [ 45]. Nitrate and phosphorus are among the list of parameters 
for discharge of industrial effluent or mixed effluent, which best management practice 
to be adopted was declared (NINTH SCHEDULE, Regulation 14). This limitation 
defines the need for effective design and improved planning of wastewater treatment 
systems, to genuinely conform to the prerequisites of environmental protection and 
sustainability. 
The main wastewater concessionaire in Malaysia, Indah water konsortium (IWK) is 
responsible for the domestic sewage treatment since 1994 and has built one of the most 
effective sewerage management systems [69, 70]. To improve operation and 
maintenance, IWK has gradually taken over sewerage systems of various sizes and 
types. From 1994 to 2010, more than 10,025 systems have become public systems, and 
.come under IWK's control, while more than 3,000 systems remain under the dir.ect 
management of the owners and, thus, are classified as private systems. The IWK does 
not own the public facilities, but only operates and maintains them, which gives rights 
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to the organization of collecting sewerage charges. On the average, IWK takes over 300 
treatment facilities and 1,000 km of sewer network yearly [71, 72]. However, in areas 
where large-scale sewerage systems are not provided, private developers will continue 
to construct small-scale sewerage systems [44, 73]. Since in 1980, the Malaysian 
parliament, passed a law, binding on the new housing developers, consisting of more 
than 30 units (150 population equivalent), to provide adequate facilities for sewage 
treatment [7 4]. 
2.3 Impact of wastewater discharges to the water environment 
The introduction of organic matter into the aquatic environment results in the depletion 
of dissolved oxygen concentration. This occurs as a result of the process of the 
stabilization of the organic matter carried out by the bacteria, which utilizes the oxygen 
accessible in the liquid medium for respiration [75]. 
The release of nutrients sets in eutrophication and aquatic toxicity [12, 76]. The 
anthropogenic sources are the main sources of nitrate, nitrite and ammonia 
contamination in surface and groundwater water. The agricultural run-off, fish canning 
wastes, refineries, tanneries, fertilizers, and domestic wastewater are a few examples, 
and all can reach watercourses to cause detrimental effects to aquatic habitat, people, 
and animals [77]. For instance, the ammonia compound is toxic to aquatic life, as well 
as to the microbial growth, which increases the biological oxygen demand (BODs), 
hence decreases the dissolved oxygen (DO) concentrations within the aquatic 
environment. This creates "dead zones" caused by lack of DO in the water, and it is 
very detrimental to aquatic life [13]. Exposures to nitrate for short and long-term can 
cause major health complications to humans when polluted drinking water is consumed. 
The contamination of drinking water from short-term exposure can cause 
methemoglobinemia (blue baby syndrome) in infants [12]. The highly soluble nitrates 
and nitrites attached to the haemoglobin in the blood can result in the deficiency of 
oxygen in the blood, which within only a few days can be fatal if out of control [78]. 
On the other hand, exposures to long-term nitrates and nitrites can cause diuresis, which 
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is an enlarged starchy build-up and haemorrhaging of the spleen (79]. The addition of 
chlorine to poorly nitrified effluents, when the water is utilized downstream as potable 
water supply, results in disinfection by-product of serious health concern, which could 
be carcinogenic [80, 81]. 
Total nitrogen (TN) comprises both organic and inorganic (ammonium, nitrate, and 
nitrite) forms [82]. The influent nitrogen in wastewater can originate from human faecal 
matter, ground refuse, and industrial waste particularly food processing waste, whose 
composition are from three main sources: approximately 60 % of ammonium; 40 % of 
organic nitrogen, which consists of a complex mixture of organic compounds including 
amino acids, amino sugars, and proteins, and negligible amount of nitrate, normally less 
than 1 % [83]. The bacterial decomposition of protein and hydrolysis of urea readily 
convert the organic nitrogen in wastewater to ammonium [83, 84]. The nitrogen 
removal in municipal wastewater is a vital process before discharging it to natural water 
causes. 
2.4 Biological nutrient removal 
The biological nutrient removal is the removal of nitrogen and/or phosphorus through 
the use of microorganisms, under different environmental conditions in the treatment 
process [84]. The biological nutrient removal occurs through denitrification of nitrates 
by denitrifiers, with the nitrification of ammonia to nitrate by nitrifiers, and finally 
enhanced phosphorus uptake by phosphate accumulating organisms (PAO) [85]. The 
aerobic, anoxic and anaerobic zones form the basis of the biological nutrient removal 
systems [7 6]. The concept was initialized in the 1960's. The biological nutrient removal 
is the modifications of the basic ASP, and integrate the four features common to them; 
a flocculent slurry of microorganisms, quiescent sedimentation, settled solids recycle, 
and SRT control [84]. 
The work was done by Barnard (1975) modified development in the biological 
nutrient removal, where the aerobic and anoxic zones were sequenced in alternating 
flow, along with recycling of nitrate produced to the anoxic zone, to create cost effective 
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and competitive single sludge nitrogen removal system. This process is now known as 
the four- stage Bardenpho process. Barnard (1976) observed that biological phosphorus 
removal occurred in these systems if nitrate were sufficiently depleted in the initial 
anoxic zone, where the upstream anaerobic zone was added to the nitrogen removal 
system to achieve the five-stage Bardenpho process, which removes both nitrogen and 
phosphorus [65, 84, 85]. 
The ASP is versatile and a proven biological process practiced globally in the 
secondary WWTP's to treat both sewage and industrial wastewater. Presently, there are 
several modifications of the ASP to improve the quality of treatment practices, due to 
the stringent standards set by law [86]. However, this research covers the aerobic and 
anoxic zones to achieve the carbon and biological nitrogen removal. 
2.5 Aerobic biological treatment 
In the early years, dating back in the 1900s, the primary objective of biological 
wastewater treatment was to remove organic compound, colloidal and suspended solids 
and reduction of the pathogenic concentrations released to the receiving water bodies 
[84]. The removal of organic matter from wastewater requires an aerobic biological 
process, with the supply ofDO in the aeration zone (oxic) commonly used as 2.0 mg/L 
[84]. The removal of organic matter during biological treatment requires adequate 
contact time, between wastewater and the heterotrophic microorganisms, sufficient 
supply of oxygen and balance of nutrients [87, 88]. Tolerable pH for the process ranges 
between 6.0 to 9.0 and optimum performance occurs close to neutral pH [89, 90}. 
Measurement parameter to access the quality of sludge settleability is the sludge 
volume index (SVI). The dynamic SVI may be used as a standard parameter for 
expressing sludge settleability, and hence dewatering prospects through simple gravity 
settling. The SVI is defined as the volume in milliliters occupied by one gram of dry 
solids after settling the MLSS for 30 minutes. In sludge analyses, first volumes of 
settled sludges (SSV) were measured by putting them in a graduated cylinder, and 
documenting the final sludge volume at the end of settling time [91]. For the ASP, SVI 
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values greater than 150 mL/g are indicative of filamentous bacteria in the sludge [84]. 
A sludge generally has good settling characteristics, if the SVI values range between 
80 to 120 mL/g [92]. These values can be much lower without the presence of 
filamentous bacteria in the sludge, and with the improved settling due to the formation 
of granules [93]. A detailed SVI analysis based on extended aeration ASP and another 
biological process, provided SVI values between 37 to 405 mL/g [94, 95]. These results 
also show that the measured SVI is a function of MLSS concentration for some SVI 
measurement procedures. MLSS range for the previous SVI observation was in the 
range of 1,789 to 10,634 mg/L [96, 97]. 
The aerobic biological treatment involves removal of organic carbon and nitrogen 
from wastewater. Aerobic biological mediums to treat wastewater are classified into 
suspended and attached growth processes [84]. Suspended growth systems are 
completely mixed flocculant processes, where the microorganisms responsible for 
degradation of organic matter are maintained in suspension mode in the mixed liquor, 
while attached to an inert support medium in the case of attached growth systems, 
otherwise referred to as biofilm [98, 99]. The carbon removal is discussed in this 
section, and the nitrogen removal is explained in Section 2.7. The activated sludge 
processes, such as Bardenpho, pre-denitrification, post-denitrification, oxidation ditch, 
and sequencing batch reactor (SBR) use the principle of the suspended growth 
biological wastewater treatment process. These processes are explained in Section 2.8. 
ASP is the most widely applied aerobic biological wastewater treatment process 
[1 00]. There are two phases to aerobic biological treatment with adequate supply of 
dissolved oxygen above 2.0 mg/L, the first being the mineralization ofthe constituents 
of the organics in the waste, producing carbon dioxide, water, and biomass within the 
aeration chamber, and secondly followed by the separation of the sludge and water after 
settling in the clarifier [84]. The sludge is recycled by the return activated sludge pumps, 
to maintain the desired concentration of the biomass in the aerobic biological reactor 
[84]. Due to biomass yield, part of the sludge depending on the SRT is wasted daily to 
maintain the MLSS .conc.entration [65, 84]. 
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2.5.1 Microbiology and stoichiometry 
The aerobic treatment processes are carried out by very diversified and large groups of 
heterotrophic microorganisms, such as Pseudomonas, Flavobacterium, Micrococcus, 
and Aeromonas [101, 102]. This biodegradation of complex organic matter in the 
activated sludge system is accomplished by complex microbial ecosystem, which 
include aerobic bacteria, protozoa and metazoa to metabolize and flocculate large part 
ofthe organic matter within a sufficient period [103, 104]. 
The existence of specific types of protozoa can be used as bioindicators, thus they 
are interrelated to effluent quality and plant performance [105]. Protozoa play a 
secondary but important role in wastewater system purification [106, 107]. The 
protozoa in the activated sludge treatment process are categorized into four major 
classes comprizing: amoebae, flagellates and ciliates (free-swimming, crawling and 
stalked), and metazoa (rotifers and nematodes) [108] [109]. In the activated sludge 
biomass, over 9 % of the microorganisms comprise of ciliated protozoa and together 
with bacteria, they play vital role in the treatment process by removing dissolved 
organic matter and clarifying the treated effluent [106]. Even though, protozoa can be 
responsible in the essential removal of organic matter in wastewater treatment 
processes, their key role is to graze on bacteria [110]. 
The composition of organic compounds in wastewater usually consist of Carbon, 
Oxygen, and Hydrogen, together with Nitrogen and Sulphur in some instances, and 
represented by (COHNS) [84]. The COHNS is the electron donor, while oxygen is the 
electron acceptor. Normally, the organic matter in wastewater consist of proteins 
(40- 60 %), carbohydrates (25-50 %), fats and oil (8-12 %). Another major and 
important organic compound to be considered in wastewater is urea (CH4N20), whose 
constituent is from urine [84, Ill]. More than half of the organic substrate is oxidized 
during the initial biological uptake, while the remainder is assimilated in the cell tissue 
as new biomass, which may further be oxidized during endogenous metabolism 
process. Typically, according to Equation 2.1, part of the waste is oxidized to an end 
product to obtain energy for cell maintenance followed by synthesis of new cell tissue. 
Simultaneously, some of waste is converted into new cell tissue using part of energy 
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released during oxidation. Lastly, when organic matter is used up, the new cell begins 
to consume own cell tissue to obtain energy for cell maintenance, according to Equation 
2.2. The term CsH1N02 (first proposed by Hoover and Porges, (1952), denotes cell 
tissue [84, 112]. 
Oxidation and synthesis: 
bacteria 
COHNS + 0 2 + nutr. C02 + NH3 + C5H7N02 +End products (2.1) 
Endogenous Respiration: 
(2.2) 
2.6 Concept of extended aeration system 
Extended aeration (EA) biological process is characterized by operational features 
summarized in Table 2.2 [113, 114]. 
Table 2.2: Basic characteristics of extended aeration [113, 114]. 
General item Specific parameter 
Range of 
values 
Solids retention time (SRT) SRT (day) 18 - 40 
Hydraulic retention time HRT (hours) 20-30 (HRT) 




Suspended solids(%) 85-95 
Ammonia(%) 90-95 
Nitrogen(%) 15-25 
Phosphorus (%) 10-20 
Ivli~~d liqyor sYsP~P-d.S!d MLSS (mg/L) 2000-5000 
solids (MLSS) 
Volumetric loading Volumetric loading (kg BOD/m3.d) 0.1-0.3 
EA systems are characterized by long SRT between 18-40 days, long HRT between 
20-30 hours, low food to microorganism's ratio (F!M) ratio between 0.04-0.15 due to 
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endogenous respiration, high potentials for COD removal between 90-95 %, TSS 
between 85-95 % and ammonia-nitrogen removal above 90 % and low tendencies to 
treat TP between 10-20 %. EA systems could operate under high MLSS concentration 
ranging between 2000-5000 mg/L, and usually low volumetric loading rate ranging 
between 0.1-0.3 kg BODs/m3 d. 
2.7 Biological nitrogen removal 
Numerous and dependable biologicainitrogen removal (BNR) techniques are available, 
including Bardenpho, pre-denitrification, post-denitrification, oxidation ditch and 
sequencing batch reactor (SBR) [87, 115-117]. These configurations are discussed in 
Section 2.8. The selection of treatment process that suits low nitrogen removal 
(0-100 mg/L) for influent wastewaters (typically sewage and light industries), the 
option ofbiological methods are more cost effective and appropriate [30, 118]. In most 
countries, particularly China, about 80% of the wastewater treatment plants use the pre-
denitrification [i.e., anoxic/oxic (A/0)] process for the biological nitrogen removal 
(BNR) [119]. 
The sequential biological nitrogen removal (BNR) is achieved by different types of 
micro-organisms. These microorganisms are nitrifiers ( autotrophs) for nitrification, and 
denitrifiers (heterotrophs) for denitrification [31, 120]. The nitrification is the aerobic 
process requiring dissolved oxygen above 2.0 mg!L, in which the nitrifiers oxidize 
ammonia to nitrite, and then to nitrate, whereas the denitrifiers reduce the nitrate to 
nitrogen gas in the absence of dissolved oxygen [84]. The biological nitrogen 
configurations with pre-denitrification has distinct advantages for nitrogen removal, 
with the influent first entering the anoxic denitrification zone, the organic carbon source 
serves as an electron donor for denitrification, and are biodegraded by the denitrifying 
bacteria. This method can improve nitrogen removal efficiency and shorten the aerobic 
duration [116, 121]. Although, BNR systems are recognized for longer start-up and 
acclimation periods [122, 123], are inhibited by the effect of toxic compounds, and are 
frequently hindered by conditions of cold climate [124]. 
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2.7.1 Nitrogen cycle 
The biological mechanism to remove nitrogen from wastewater involves the 
process of nitrification and denitrification as discussed in Section 2.6. The compounds 
of nitrogen exist naturally with a valence ranging from -3 to +5 [31]. The conversion is 
facilitated by various nitrogenous species, which are interrelated by complicated 
interactions, in addition to diverse transformational processes [125]. The traditional 
pattern of the nitrogen cycle is schematically depicted in Figure 2.2 (step 2 to 6). 
The nitrogen cycle is distinct by means of the nitrification (oxidation of ammonia 
to nitrite and further to nitrate by autotrophic biomass), denitrification (conversion of 
nitrate or nitrite to nitrogen gas by heterotrophic biomass), nitrogen fixation 
(conversion of molecular nitrogen to organic nitrogen), ammonification (death and 
cellular decomposition) and assimilation of ammonia to form new cells [126]. 
Description for the overall pattern follows the modification from previous studies 
[127-129], while the stoichiometry and reactions were accordin~ to [116, 130, 131) . 
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Recently, several innovative processes have evolved, resulting in advancement in 
biochemical pathways as described in Figure 2.2 (step 7 to 1 0). This comprises nitrifier 
denitrification, anaerobic ammonia oxidation (Anammox), the single reactor high 
activity ammonium removal over nitrite (SHARON) process, which is incomplete 
nitrification and coupling with Anammox or denitrification, and completely autotrophic 
nitrogen removal over nitrite (CANON) [31, 116, 117, 133]. However, some ofthe 
uniqueness for the previous innovations mentioned were reduced investments in terms 
of energy and oxygen requirements and lower sludge yield [31]. The general sequence 
ofthese pathways is summarized in Table 2.3. 
There are numerous drawbacks to effectively operate and control the process 
variables like; pH, higher temperature, and low dissolved oxygen. The processes are 
more delicate, considering some environmental factors; ammonia concentration, DO, 
nitrite accumulation, low organic carbon during nitrogen removal [31, 125, 134, 135]. 
The adaptability to suit this innovative process to treat food and beverage industry 
wastewaters may not be applicable, considering the high organic content and its related 
unpredictability. Therefore, the traditional two-step nitrification and denitrification 
process remain the most effective and cost effective. Thus, widely practiced and proven 
biological nitrogen removal technique [136]. 
Table 2.3: Transformational pathway of nitrogen cycle [132] 
Step Microbial process 
l Mineralization of organic matter 
2 Assimilation 
3 to 6 Traditional nitrogen removal sequence via nitrification - denitrification 
process 
3&4 Aerobic ammonia oxidation by ammonia oxidizing bacteria (AOB) and 
ammonia-oxidizing archaea (AOA) using ammonia monooxygenase 
(AMO) 
5 Aerobic nitrite oxidation by nitrite oxidizing bacteria (NOB) with nitrite 
oxidoreductase (NOR) 
6 Nitrate reduction to nitrite, nitric oxide, nitrous oxide and dinitrogen gas by 
denitrifiers with respective nitrogenous reductases 
7 Anaerobic ammonia oxidation (Anammox) 
8 Dissimilato:ry~ nitrate reduction of ammonia 
9 Assimilatory nitrate reduction of ammonia 
lO Aerobic deammonification and denitrification by AOB and aerobic 
ammonia-oxidizing non-lithotrophic bacteria (ANB) 
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2. 7.2 Fundamentals of nitrification 
The nitrification is a two-step sequential biological conversion of ammonium (NH4 +) 
to nitrite (N02-), and finally to nitrate (N03-) under aerobic conditions by autotrophic 
bacteria. In the first stage, the NH4 + with an oxidation state of -3 is oxidized to N02-
with an oxidation state of +3, through NH20H and NOH by ammonia-oxidizing 
bacteria (AOB) and the lately discovered ammonia-oxidizing archaea (AOA), 
respectively. The enzymes involved in the process at the initial stage are ammonia 
monooxygenase (AMO) and hydroxylamine (HAO). While, the reaction during the 
second stage of the process is rapid, and N02- is oxidized to N03- using oxidation state 
of +5, by the enzymes nitrite-oxidizing bacteria (NOB) and nitrite oxidoreductase 
(NOR) [116, 130, 137]. 
2. 7.2.1 Microbiology and biochemistry 
The AOA and NOB are all classified under chemolithoautotrophs. They utilize carbon 
dioxide (C02) as the carbon source, drive energy from NH4+ and N02-, and the electron 
acceptor is the molecular oxygen [127]. The AOB belongs to the genera Nitrosomonas 
and Nitrosospira (class Betaproteobacteria) and Nitrosococcus (class 
Gammaproteobacteria) [130, 138]. It was reported that AOA is related to the Kingdom 
Crenarchaeota [ 13 9 }, even though, the discovery was made about a single pure culture 
Nitrosopumilus maritimus [137]. The reported NOB genera are often identified, as 
actually capable of carrying out nitrification. They comprise Nitrospira, Nitroga, 
Nitrobacter (Alphaproteobacteria}, Nitrococcus (Gammaproteobacteria) and 
Nitrospina (Deltaproteobacteria) [140, 141]. 
2. 7.2.2 Stoichiometry and important factors 
The stoichiometry of the nitrification process proceeds according to Equation 2.3 and 
Equation 2.4, with the overall process given in Equation 2.5. 
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(2.3) 
1 NOB N02 - + / 2 0 2 -~ N03- (2.4) 
+ Nitri[iers + 
NH4 + 2 0 2 N03- + 2H + H2 0 (2.5) 
The microorganisms AOB/AOA derive nearly four times additional energy according 
to Equation 2.3, compared to the NOB process in Equation 2.4, consequently, the yield 
co-efficient (Y) for the AOB/AOA is comparatively higher [131]. 
Assuming that the chemical composition of microorganisms is CsH?NOz (biomass) 
as initially proposed [112], when autotrophic cell synthesis is taken into cognisance, 
the global nitrification is as shown in Equation 2.6, where Yvalue of 0.17 g results from 
the biomass produced per gram of ammonium (NH4+-N) oxidized to nitrate [131, 142]. 
+ Nitri[iers 
NH4 + 1.8302 +1.98HC03 0.021C5H7 0 2 N + 1.041H2 0 + 0.98N03 
+ 1.88H2C03 (2.6) 
The autotrophs are natural chemolithotrophic microorganisms, with a maximum 
specific growth rate between 0.2-0.8 day-1 slower, compared to 6 day-i for co-existing 
heterotrophic bacteria, thus, being slow growers they require longer SRT [ 65, 143-145]. 
The oxidation of NHtto N03 as shown in Equation 2.5 and Equation 2.6, depends 
essentially on the DO and alkalinity; where the theoretical DO estimation indicates that 
for each gram of NHtused as electron donor, 4.57 g of Oz as electron acceptor is 
required, excluding considerations of biomass formation according to Equation 2.5, 
conversely, when the stoichiometry of nitrification considers formation of biomass 
according to Equation 2.6, the observation is 4.33 g ofOz consumed for each gram for 
each gram of N03formed, and consumes equivalent alkalinity of 7.07 g as 
CaC03 g-1 NHt [142J. 
The nitrification process is affected by low DO, which restricts activity of nitrifiers, 
due to their constraint for oxygen half-saturation constant, where NOB have more 
affinity to low DO concentration, and have three times higher half-saturation constant 
22 
value, and may possibly cause nitrite accumulation by this condition [146, 147]. The 
DO half-saturation coefficients of 0.2-0.4 mg/L and 1.2-1.5 mg/L for AOB and NOB 
were reported, respectively [148, 149]. As corroborated in past researches, numerous 
environmental factors are found to affect nitrification, which includes pH, temperature, 
carbon to nitrogen ratio, and toxic compounds [84, 109, 122, 150]. These factors are 
explained in below. 
• pH - The nitrification rate is extremely sensitive to the pH of the medium for 
two main reasons [ 151]: the inhibitory effect is substantial by both the H+ and 
OH- ions on the growth of nitrifiers, and as discussed in Section 2.7.2.2, 
nitrification consumes alkalinity with possibilities to cause a drop in pH. 
Therefore, the equilibrium between NHJINH4+ and N02iHN02. The formation 
of unionized NH3 occurs at elevated pH, while HN02 forms at lower pH. The 
existence of unionized NHJ and HNOz are identified to impede ammonium and 
nitrite oxidation, respectively [152]. It was reported that activity for the cultures 
of AOB (nitrosomonas) and NOB (nitrobacter) was optimum between pH 
values of 7.5 to 8.5 [153, 154]. However, later studies established nitrification 
was accomplished optimally between pH values of 7.0 to 9.0 [155]. 
Consequently, an adequate level of alkalinity needs to be maintained to ensure 
optimum pH, and buffer the effect of H+ released during the transformation of 
NH4+ to N02-. 
• Temperature- The biochemical reactions are influenced by temperature. Hence, 
the growth rate of nitrifying microorganisms is sensitive to temperature [156]. 
Nitrification can proceed in wastewater at temperatures between 4 to 45 °C, with 
the nitrification rates reported to rise as a function of temperature [ 157, 158]. 
The ammonia and nitrite oxidation was considerably enhanced by increasing 
temperatures between 10-30 OC [150]. The experimental observations suggested 
that the effect of temperature on the rate of nitrification can be modeled by an 




T = Temperature (C), m m = Nitrification rate at temperature (T), rN (20) = 
Nitrification rate at 20 °C, and e =Temperature correction co-efficient. 
• Carbon to nitrogen (C/N) ratio - The influenee of C/N ratio is an important 
criteria in the design of BNR process for industrial wastewater treatment, 
Carrera et al. obtained an experimental C/N ratio for denitrification as 7.1±0.8 g 
COD g N-1, although the stoichiometric ratio was 4.2 g COD g N-1, hence this 
variation is related to the oxidation of organic matter in the anoxic reactor, with 
the oxygen of the internal recycle [122]. The heterotrophic bacteria in the ASP 
will strive for dominance against the nitdfiers for the DO, in which a low 
organic carbon concentration will be necessary for nitrification, considering 
higher saturation half-saturation constant for the nitrifiers [ 146]. -The influence 
ofC/N ratio on nitrification was investigated, where an increase in the ratio from 
2 to 5 resulted in the decline of nitrification rate by 50% [160]. 
• Toxic compounds - The sensitivity to toxic compounds by nitrifiers is more 
compared to other microorganisms, subsequently, the toxicity of heavy metals 
including zinc, copper, chromium, lead, cadmium, nickel, and some organic 
compounds such as amines, proteins, tannins, phenolics, alcohols, cyanates, 
ethers, carbamates and benzene have been reported to inhibit nitrification 
performance [130, 161]. 
2.7.3 Fundamentals of denitrification 
The conventional heterotrophic denitrification involves the biological reduction of 
N03 to N2 by the reductase enzymes, with N2 gas as the end product [162, 163]. The 
process is according to step 6 in Figure 2.2, and follows the sequence [84] in 
Equation 2.8. 
Nitrate reductase Nitrite reductase Nitric oxide reductase 
N03 N02 NO N2 0 




2. 7.3.1 Microbiology and biochemistry 
There are basically two types of denitrification that occur under the anoxic condition: 
heterotrophic and autotrophic denitrification [164]. The heterotrophic bacteria 
consumes organic matter, while the autotrophic denitrification can use ammonia 
(Anammox) or sulphide [31, 165]. Most of the species of heterotrophic bacteria 
carrying out the process belong to the genera Alcaligens, Bacillus and Pseudomonas 
[166, 167]. Nitrate or nitrite serve as a terminal electron acceptor for the denitrifiers to 
oxidize organic carbon for biomass synthesis and production of energy, with denitrifiers 
being facultative heterotrophs require the absence of oxygen (anoxic condition) for the 
denitrification to progress [168]. The presence of oxygen is more preferred to utilize by 
denitrifiers than nitrate or nitrite as terminal electron acceptor since it provides for 
higher cellular growth and energy [169]. However, the oxygen concentration in the 
anoxic zone above 0.2 mg/L inhibits denitrification [170]. The presence ofhigh oxygen 
concentration in the anoxic zone has tendency to repress the formation of NO and N2 0 
reductase, and in addition to low pH, together can cause the release of N2 0 instead of 
theN2 gasastheendproduct[129, 131, 171]. 
2. 7.3.2 Stoichiometry and important factors 
The denitrification can be achieved with enough organic carbon in the influent 
wastewater [172]. Otherwise, organic carbon is added externally ifthe C/N ratio ofthe 
influent is inadequate for the biological requirement [173, 174]. Hence, denitrification 
process needs organic carbon to carryout metabolic function and growth [175, 176]. 
Denitrification process is considered as an anoxic process, occurring in the absence of 
dissolved oxygen, and requires carbon source as terminal electron donor; typically from 
organic matter, organic matter produced during endogenous decay, or as exogenous 
source such as methanol and acetate [84, 174, 176-178]. Stoichiometry of 
denitrification with generic wastewater composition as biodegradable organic matter 
(CisHJ903N) [34, 178] as terminal electron donor is expressed as Equation 2.9. 
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Equation 2.9 is the representative of heterotrophic denitrification reaction with 
influent wastewater as carbon source, excluding cell synthesis [84], while the 
stoichiometry for the overall expression for denitrification reaction when the synthesis 
of new cells is considered proceeds according to Equation 2.1 0, where the organic 
matter is representative of C18H190 9N [84, 98, 101, 179]. 
4.53N03 + 0.61C18H190 9N + 0.39NH4 + 4.15H2 C03 ~ C5H7N02 + 2.27N2 + 
5.15HC03 + 5.98C02 + 14H2 0 (2.10) 
If external carbon source is considered for denitrification as methanol, the 
stoichiometry including the cell synthesis can be expressed according to Equation 2.11. 
N03 + 1.08CH3 0H + 0.24H2 C03 ~ 0.056C5H7N02 + 0.47N2 + HC03 + 
5.98C02 + 1.68H2 0 (2.11) 
Where sufficient carbon sources for denitrification normally exist, control of the 
CIN ratio is not a major priority for the process, but factors influencing the removal 
efficiency of the system include; influent concentration, microbial concentration, the 
retention times of sludge and wastewater and reactor configuration [ 177]. However, the 
denitrification performance depends on the source of wastewater, C/N ratio 
[122, 177], DO [162], pH [180] and temperature [181]. Hence, the C/N ratio of the 
influent is essential for denitrification, and should also be sufficient to denitrify the 
nitrate formed in the oxic zone during nitrification. The recommended C/N ratio is 
between 6 to 11 for a single sludge recirculating system [182]. Carrera et al. found that 
the experimental COD/N ratio for denitrification was 7.1 ± 0.8 g COD/g N reduced, 
while the stoichiometric ratio was 4.2 g COD/g N [122]. The difference was attributed 
to the oxidation of organic carbon in the anoxic reactor with the oxygen in the recycle 
flow [183]. 
In Equation 2.11, almost 0.48 g ofheterotrophic biomass is produced per each gram 
of carbon consumed for denitrification. The theoretical alkalinity produced is one 
equivalent for each equivalent of N03 reduced to N2 • The alkalinity equates to 3.57 g 
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as CaC03 per gram N 03 reduced, which compensates for the recovery of about one 
half of the alkalinity destroyed during nitrification [ 184, 185]. Low pH and temperature 
impacts on denitrification efficiency [186]. The range between 7 to 8 has been reported 
as optimum pH for denitrification, although, the denitrifying bacteria can withstand a 
pH between 7 to 9 [180]. Temperature influences denitrification rates, and can be 
defined by the by an Arrhenius-type function like nitrification [30, 187]. 
2.8 Biological nitrogen removal (BNR) process configuration systems 
The indication for evolution of biological processes to treat wastewater was dated back 
to decades ago [188]. These modifications of the activated sludge process using various 
configurations have been developed, and presently embraced widely for the biological 
treatment of industrial wastewater [189]. This is in view of the need to improve and 
control the effluent nitrogen discharge concentrations to receiving waters, due to 
increasingly stringent environmental regulations [190]. Previously, wastewater 
treatment systems were exclusively designed to remove only organic matter and 
suspended solids [84]. However, due to an escalation in industrialization and population 
growth, the design of wastewater treatment systems consider reduction of nutrients that 
cause eutrophication [84]. The focus is to adopt a standardized wastewater treatment 
system that can remove nitrogen in an effective and efficient manner. 
ASP are flexible, reliable processes capable of removing soluble organic matter, 
stabilizing insoluble organic matter, and achieving a high degree of nitrification [109]. 
The removal of nitrogen is necessary in order to prevent discharges of high 
concentrations into receiving waters [85]. However, to remove total nitrogen from 
wastewater, nitrification and denitrification are the key conversion pathways [191]. The 
nitrification and denitrification processes have been explained in Sections 2. 7.2 and 
2.7.3, respectively. 
Thus, consideration from foregoing discussion steered the necessity for BNR 
systems. The BNR is an improvement of the basic ASP and is notable by the separations 
of the bioreactor into distinct biochemical processes [85]. The BNR systems remove 
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considerable amounts ofnitrogen from wastewater [192]. The supplementary addition 
of chemical may also be required, subject to the degree of removal to be achieved [85]. 
The single sludge biological nitrogen processes are grouped according to whether 
the anoxic zone is located upstream (preanoxic) or downstream (postanoxic) of the 
aerobic nitrification zone [84], (Figure 2.3 and Figure 2.4), and the microbial activity 
could be mediated by either suspended or attached growth processes [10, 99]. 
Figure 2.3: Modified Ludzak Ettinger configuration process [84] 
Figure 2.4: Four-stage Bardenpho configuration process [84] 
Typically, the internal recirculation of nitrate in the mixed liquor produced in the 
aerobic reactor to the preanoxic zone facilitates the utilization and simultaneous 
removal of the readily biodegradable substrate [122, 193]. The recycle of the return 
activated sludge (RAS) from the clarifier underflow to the anoxic/aerobic zones serves 
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to maintain the concentration ofbiomass within the system, and ensure adequate contact 
between biomass and substrate [194]. The preanoxic zone utilizes raw wastewater as a 
carbon source for denitrification, while postanoxic uses the carbon source for 
endogenous denitrification [84]. Larger postanoxic volumes are often required since 
denitrification occurred by utilization of endogenous carbon source [85]. The addition 
of external carbon sources (e.g., methanol and acetate) to enhance denitrification rates 
is commonly practical to the denitrifying activated sludge, in the event that the influent 
is deficient of readily biodegradable carbon source to achieve the required nitrate 
reduction [ 17 4]. 
Pre-denitrification bioreactor configurations such as MLE process (Table 2.4) are 
normally adopted to utilize the biodegradable organic matter from influent, with 
tendencies to generate higher denitrification rates and resulting in lower reactor 
volumes [195, 196]. The removal efficiency of nitrate could be limited to range of 
between 60-90% [165, 197]. However, the recycle of nitrate rich mixed liquor with 
sufficient dissolved oxygen concentration from aerobic zone practically restrict 
denitrifiers activity [162]. Due to this limitation of internal recycle, second anoxic 
chamber is often required as post anoxic denitrification bioreactor to accomodate the 
residual nitrate that was unable to be denitrified from first anoxic chamber, as well as 
from aerobic chamber. The four-stage Bardenpho process (Table 2.4) is a usual 
configuration for this case, where aerobic bioreactor is placed in between the upstream 
and downstream anoxic bioreactors [178]. The requirement of an additional post 
denitrification bioreactor for nitrogen removal process results in higher contruction, 
operational cost, and need for availability of exogenous carbon source. 
The choice to select specific process of biological nitrogen removal process 
depends on site distinctiveness, existing processes, and equipment, as well as desired 
treatment efficiency to be achieved [84]. An assessment of the suspended growth 
biological nutrient removal processes is presented in Table 2.4, based on the review 
from [65, 84, 178, 188, 191, 198]. These process configurations are single sludge 
hecaus.e the microbial consortia are dominant for .each medium to facilitate the removal 












Process (65, 84, 
1178, 188, 191] 
Table 2.4: Common suspended growth biologica~ processes for nutrient removal 
Description I Advantages 
1962: Ludzack & Ettinger designed first Raw influent wastewater serves as the 
BNR pre-denitrification reactor, with electron donor fed: into the preanoxic zone 
preanoxic process upstream followed by with nitrate from RAS recycle as an electron 
aerobic zone. Denitrification limited acceptor. 
only by the RAS rati@. 
1973: Modification ofLudzack-Ettinger Saves energy, with COD, reduced before 
process (Figure 2.3), to include an entering the aerobic zone, alkalinity is 
internal mixed liquer recycle (MLR), produced before nitrification, internal recycle 
which recycles the nitrate to upstream independent of RAS which offers better 
preanoxic zone for denitrification from control of the nitrate, smaller requirements 
the aerobic zone. 5-8 mg/L effluent TN for anoxic volumes to achieve high 
attainable. denitrification efficiencies. 
Limitations 
The denitrification efficiency 
depends on the nitrate recycle 
from RAS, produced in the 
aerobic zone; High tendencies of 
rising sludge in the clarifier. 
The capability to achieve 
substantial nitrogen removal 
depends on the MLR. A portion 
of nitrate unable to return to 
preanoxic zone is discharged 
from the clarifier. Entails careful 
DO control for the transfer of the 
MLR. 
1975: Comprises both preanoxic and The residual nitrate that unable to be returned Large footprint due to the 
post-denitrification (Figure 2.4), with to preanoxic is denitrified in the second requirement for the number of 
MLR from the first downstream a~robic postanoxic zone. Capable of achieving reactors, and! higher capital cost. 
zone only, while the nitrate from the effluent TN levels of less than 
second aerobic zone downstream of 3 mg/L. Phosphorus removal possible due to 
postanoxic is denitrified by either alternating anoxic-aerobic sequence. The 
endogenous or external carbon source, second aerobic enhances sludge settle ability 
and residual nitrate iin clarifier returned prior to entering clarifier, due stripping off of 
to the preanoxic by RAS. nitrogen gas. 
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Table 2.4: Common suspended growth biological processes for nutrient removal cont. 
Process Description Advantages Limitations 
Anaerobic/ Anoxi Imitate the MLE, with addition of Capable of simultaneous nitrate and The addition of nitrate to the 
c/ anaerobic zone upstream of the biological phosphorus removal (BPR). anaerobic zone from RAS 
Aerobic process preanoxic zone, and the RAS is returned impairs the process of BPR. 
(A2/0) [65, 84, to the anaerobic zone instead of the 
178, 188, 1911 preanoxic zone. 
SBR [65, 84, 178, Five step treatment process; fill, react, The process performed in a single basic Redundant units are required for 
188, 191, 198] settle, decant, and idle, performed in a therefore offers a small footprint, and saves operational reliability, requires 
time sequence batch mode. The process the cost of construction, MLSS cannot be more sophistication and 
involves incorporation of equalization, washed-out by hydraulic surges. The requisite maintenance demands, 
aerobic, anOXIC reactions and final different activities are optimized in time- more complex process design, 
clarification to settle the biomass. phased cyclic batch mode. Effluent nitrate- and effluent quality determine 
nitrogen between than 5-8 mg/L can be by decanting facility. 
achieved. 
Oxidation ditch The flow is continuous within a looped Operate as a complete mix with almost High control expertise IS 
[65, 84, 178, 188, system, with the cyclic movement of the uniform MLSS and DO in the process, essential, large footprint 
191, 198] wastewater through aerated and non- resistant to load variation with less impact on requirement to implement, 
aerated zones in a time phase sequence. effluent quality. TN less than 10 mg/L tendencies of high effluent 
possible. suspended solids. 
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2.9 Aerobic digestion of sludge 
Sludge can be stabilized either by aerobic or anaerobic digestion [199]. The aerobic 
digestion is an extension of ASP through process of endogenous metabolism conditions 
[85]. The process for aerobic digestion begins with the oxidation of the biodegradable 
organic matter (active biomass) to carbon dioxide and water, and the organic nitrogen 
is mineralized to ammonia by the aid of heterotrophic bacteria. Subsequently, with the 
supply of sufficient DO and adequate alkalinity, the ammonia is further oxidized by the 
process of nitrification to nitrate-nitrogen, where the alkalinity is destroyed with 
resulting drop in the pH [200]. Alternatively, the condition for anaerobic digestion 
results in the conversion of the biomass to methane gas, carbon dioxide, and ammonia, 
and low molecular weight fatty acids [20 1]. The constraints normally encountered with 
these two processes include high demand for energy in aerobic digestion, the process 
instability for both processes, and high capital cost for anaerobic digestion [84, 202]. 
Although, non-biodegradable part of the particulate matter in the influent remains 
unchanged. Though its contents will be included in the solids digested. During the 
process of aerobic digestion, ML VSS and MLSS are destroyed [85, 203, 204]. 
In the past, the common practice was to dispose of sludge in landfills, incineration, 
and agricultural use [21]. Incineration reduces the volume of solids by almost 95 %, 
although it requires expensive machinery and consumes non-renewable resources, and 
has an undesirable public perception [115]. The utilization of sludge as-fertilizer adds 
to an economic value, however, it may require long haulage distance, sludge may 
contain heavy metals [115], and trace organic chemicals that are possibly toxic 
[205].This portends the risk of food security. Therefore, sludge minimization is largely 
a better alternative than post-treatment [25]. 
Ros et al. studied aerobic degradation and stabilization of waste activated sludge 
under thermophilic condition in a WWTP [206]. The major measured parameters 
determined for reduction of organic fraction was volatile solids. Among the goals of 
the experiment was to determine the optimum operating temperature from 20, 37 40, 
45, 50 and 55 °C. The suitable temperature for the aerobic digestion was determined as 
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50 °C. The other part of the experiment analysed degradation of volatile solids on a 
contineous flow process at temperature of 50 °C. Volatile solids reduction of 29.7% 
and 48.2% were achieved for a 5 and 10 days retention times, respectively. 
Bernard et al. carried out research to find the feasibility of aerobic digestion on 
pharmaceutical and domestic sludges in order to determine the optimum operational 
conditions for aerobic digestion and monitor the requirement for pH stabilization [207]. 
The concentrations for samples tested to represent pharmaceutical and domestic sludge 
ranges from 1,500-11,000 mg/L and from 4,500-22,000 mg/L, respectively. Some of 
the parameters monitored include MLSS and ML VSS. The reductions achieved in 
MLSS and ML VSS were higher for domestic sludge than for the pharmaceutical sludge. 
pH stabilization at 6.5 improved the sludge characteristics with significant better 
supernanant quality and better sludge filterability. There were no recorded odor or or 
foaming problems. The performance regarding the aerobic digestion achieved between 
42-53 %and 53-64% MLSS and ML VSS reduction, respectively. 
2.9.1 Stoichiometry and important factors 
Once the culture of aerobic heterotrophic microorganisms is in any medium containing 
organic material, degradation of the organic matter will proceed until all the organic 
matter is consumed, and part of the organic matter removed is utilized for the cell 
synthesis of new microorganisms, with resulting increase in biomass. Product of 
oxidation for the remaining materials is carbon dioxide, water, and soluble inert matter, 
providing energy for the synthesis, metabolism and important maintenance functions 
of the microorganisms. When the external organic carbon source has been exhausted, 
endogenous respiration sets in, where cellular material is oxidized to fulfill the energy 
need to survive [85, 204]. 
In the conventional aerobic digestion design process, where sludge to an aerated 
basin is added and removed intermittently, usually once per day, their hydraulic 
retention time (HRT) for that period equals to the SRT [85]. The biomass quantity will 
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decrease subject to extended retention of such conditions, hence the remaining biomass 
will exist at low energy, biologically stable, relatively inert and safe for disposal [204]. 
The sludge minimization could be achieved through alternating redox conditions 
(cyclic aerobic and anoxic regimes) [21, 144]. The controlling parameters .such as 
increasing the SRT, DO concentration can yield negligible enhancement, but may 
impact to increase the cost of plant operation [23]. The sludge disintegration technique 
considerably reduces sludge production but entails high capital investment and 
maintenance cost [ 144J. 
There are two basic steps that describe aerobic digestion; first is the conventional 
oxidation of the biodegradable organic matter, then secondly endogenous respiration in 
which the cellular material is oxidized [204]. These processes are expressed in Equation 
2.12 and Equation 2.13. 
Organic matter+ NHt + 0 2 --+active cellular material+ C02 + H2 0 (2.12) 
bacteria 
Active cellular material+ 0 2 dig. sludge+ C02 + H2 0 + N03 (2.13) 
Equation 2.12 is the initial process in the extended aeration process, where the 
oxidation of the organic matter (influent wastewater) yields cellular material. 
Equation 2.13 is representative of endogenous respiration process, and the main 
reaction signifying the aerobic digestion systems. The aerobic digestion in which the 
sludge mass is reduced is only recommended for excess activated sludge [206]. 
Using the formula C5H7N02 to symbolize mass of a typical cell of microorganism 
[112, 208], the stoichiometry for the aerobic digestion can be expressed according to 




Equation 2.14 represents the system inhibiting nitrification, where nitrogen is 
released in the form of ammonium. While, for a system in which nitrification occurs, is 
expressed by Equation 2.15. The theoretical oxygen demand in Equation 2.14 is 
1.42 kg oxygen per kg of cell mass digested, while the equivalent theoretical oxygen 
demand according to Equation 2.15 is 1.98 kg oxygen per kg cell mass digested [204]. 
The oxygen requirement to achieve nitrification is comparatively higher than without 
nitrification, due reliance on factors such as operating temperature and SRT [84]. 
Aerobic digestion can occur at an ambient temperature to thermophilic temperature 
range [204]. The optimal temperature of 22-30 oC is key to achieve aerobic digestion 
and nitrification, with a supply of DO between 10-30 mg/L [204]. 
2.10 Influent wastewater requirements for biological treatment process 
Industrial wastewater are highly variable in composition, for instance, products of 
brewing are deficient in nitrogen and phosphate [88]. Hence, industrial wastewater may 
need to be stabilized to meet influent deficiency in nitrogen, phosphorus and trace 
elements, so as to satisfactory meet up the balanced carbon, nitrogen and phosphorus 
(C/N/P) ratio to accomplish effective treatment needs [209]. Various C/N/P ratios from 
previous researches conducted using biological treatment are presented in Table 2.5. 
Table 2.5: Influent C/N/P ratios and treatment performance for various systems 
Influent Process BIO- CLR HRT SRT TN TP Ref. 
CINIP R (h) (d) remov. remov. 
ratio (%) (%) 
470/31115 A20 3 1 8.7 15 72 - [193] 
300/50/4 AOA 3 1 6 20 90 99 [87] 
750/75/26 UCT 3 1 24 10 78.2 48.8 [210] 
178/74/5 Modified 4 1 9.3 15-20 75 98 [211] 
A20 
220/53/5 AO/ 2 - 6.7 30 74.7 22.2 [212] 
IVMBR 
Notes: BIO-R= Bioreactor,A20= Anaerobic, Anoxic and aerobic reactor, AOA= Anaerobic, 
Aerobic and Anoxic reactor, AO/IVMBR= Anoxic Aerobic/Integrated Vertical Membrane 
Bioreactor 
Influent C/N/P ratio for :wastewater should normally he above 100/511 to 
accomplish effective biological treatment process [87, 193, 209-211, 213, 214]. C/N/P 
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ratios indicated for respective biological treatment configurations were above the 
minimum essential to accomplish treatment objectives. 
Wastewater from FBI generally vary on the type of product being processed, 
process and equipment used, although common characteristic is generally the strong 
organic content [6]. Food-processing wastewater can be characterized as non-toxic 
because its content have few hazardous and persistent compounds [215, 216]. This 
industry typically consumes large quantity ofwater for processing of products [I9J. 
2.11 Categorization of food processing & beverage wastewater 
The wastewater generated due to different activities results in organic pollution, which 
is typically collected and treated in a decentralized (DC) treatment facilities [217]. The 
food and beverage industry includes various subsectors targeting at manufacturing 
different types of products, and includes the following sub-sectors: processing and 
preserving of meat, and production of meat products, processing and preserving of fish, 
crustaceans and mollusks, processing and preserving of fruit and vegetables, 
manufacture of vegetable and animal oils and fats, manufacture of dairy products, 
manufacture of grain mill products, starches and starch products, manufacture of bakery 
and farinaceous products, manufacture of other food products, and manufacture of 
prepared animal feeds. While, the beverage industry include processes such as 
distilling, rectifying, and blending of spirits, manufacture of wine from grape, 
manufacture of cider and other fruit wines, manufacture of other non-distilled 
fermented beverages, manufacture of beer, manufacture of malt, and manufacture of 
soft drinks; production of mineral waters and other bottled waters [218]. 
The FBI are major consumers ofwater, as much as 10 to 12 tons ofwater per ton of 
product- or even more [219, 220]. Food-processing wastewater can be characterized as 
non-toxic, because it contains few hazardous and persistent compounds. With exception 
of some toxic cleaning products, wastewater from food-processing facilities is organic 
and can be treated by conventional biological technologies [215]. Food processing can 
be divided into four major sectors including fruit and vegetables; meat, poultry, and 
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seafood; beverage and bottling; and dairy operations [6, 221]. All of these sectors 
typically consume a large quantity of water for the processing of food product [ 19]. 
The composition and concentration of different food processing industry 
wastewaters differ from low (wash water from sugar mill or dairy effluents) to high 
strength substrates (cheese, winery and olive mill wastewaters), mainly in terms of 
organic matter, acids, proteins, aromatic compounds, available nutrients[5, 222, 223]. 
The main parameters of food industries wastewater, such as total solids (TS), total 
nitrogen (TN), total phosphorus (TP) and biochemical and chemical oxygen demand 
(BOD and COD), respectively are given in Table 2.6. 
Table 2.6: Characteristics of typical food processing industry wastewater. 
Industry TS TP TN BOD COD Ref. 
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
Food - 3 50 600-4,000 1,000-8,000 [224] 
processing 
Dairy 1,100-1,600 - - 800-1,000 1,400-2,500 [225] 
Corn 650 125 174 3,000 4,850 [226] 
milling 
Potato 5,000 100 250 5,000 6,000 [227] 
chips 
Dairy 250-2,750 - 10-90 650-6,250 400-15,200 [228] 
Fruit juice - 10.2 58.2 3,134 5,157 [41] 
Beverage - - - 1,800 1,000 [52] 
Notes: TS = Total solids, TP = Total phosphorus, TN= Total nitrogen, BOD = 
Biochemical oxygen demand and COD =Chemical oxygen demand. All units in mg/L 
2.12 Wastewater treatment approaches for food and beverage industries 
The technologies to treat food and beverage industry wastewater consistent to its 
composition are commonly categorized into biological, chemical, and physical methods 
[229]. These systems can be combined to operate hybrid process for achievement of 
specific goals. However, each of these technologies has its distinctive advantages and 
disadvantages [230, 231]. Hence, selection of wastewater treatment technology by any 
industrial sector broadly depends on parameters such .as [232]. 
1. Characteristics of the waste water including its quantity (vol. in m3/d) 
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and quality (COD, BOD, pH, TSS, TDS etc). 
2. Mode of final discharge. 
3. Area available for the effluent treatment plant. 
4, Budget for effluent treatment plant. 
5. Operation of the production unit (seasonal or yearly). 
6. Future expansion program. 
a. Biological methods: The fundamental applications of biological processes is to 
achieve removal of carbonaceous organic material (BOD), removal of total 
nitrogen, stabilization, and phosphorous removal. It is expedient to categorize 
biological approaches as aerobic or anaerobic (anoxic and anaerobic), which 
have been described earlier in Section 2.5 and Section 2. 7. Aerobic biological 
processes are commonly achieving high degree of treatment efficiency, while 
anaerobic uses the concept of resource recovery and utilization with achieving 
objective of pollution control. Most wastewaters containing biodegradable 
connstituents with BOD/COD ratio of 0.5 or greater can be easily treated 
through biological process [84]. 
b. Chemica[ methods: Chemical treatment can be applied for removing 
constituents and pollutants through the following: 
1. Producing of insoluble solids and gas, 
2. producing coagulation of a colloidal suspension, 
3. producing biological degradable substances from nonbiodegradable, 
4. destroying or deactivating chelating agents, and 
5. producing non objectionable substances that can be easily removed. 
c. Physical methods: This treatment accomplish the removal of substances by use 
of naturally occurring forces, such as gravity, electrical attraction, and van der 
Waal forces, as well as physical barriers. Physical methods of wastewater 
treatment include sedimentation, floatation, and adsorption, as well as barriers 
such as bar racks, screens, deep bed filters, membranes, electro dialysis and ion 
exchange[233]. 
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2.12.1.1 Anaerobic and aerobic treatment for food and beverage industry wastewater 
Anaerobic digestion technology has been used in a wide application for treatment of 
industrial wastewaters containing high organic matter content, including dairy 
wastewater [234], cheese whey wastewater [235], distillery spent wash water [236], 
starch wastewater [237], and slaughter house wastewater [238]. The up-flow anaerobic 
sludge bed (UASB) reactor technology is considered a breakthrough in the development 
and application of anaerobic high-rate technology for industrial wastewater, 
particularly for wastewaters coming from food-processing industries [41]. Difficulties 
with UASB reactor treating wastewater results from washout of biomass which 
deteriorates the effluent quality [239]. Effluent ofthe anaerobic reactors generally do 
not comply with regulatory standards for discharge into receiving water bodies, hence, 
post-treatment is required [41]. 
Anaerobic and aerobic processes can both be used to treat food and beverage 
industry wastewater [240]. The former involves degradation of complex organic wastes 
into methane gas, carbon di oxide and water through hydrolysis, acidogenesis including 
acetogenesis and methanogenesis in the absence of oxygen, while the latter involves 
application of dissolved oxygen by aerobes to degrade the organic matter with by-
products as biomass, carbon di oxide and water as discussed in Section 2.5 .1. Table 2. 7 
shows comparison of aerobic and anaerobic treatment [26, 229]. 
Table 2. 7: Opportunities and limitations of aerobic and anaerobic treatment 
Feature Aerobic Anaerobic 
Organic removal efficiency High High 
Effluent quality Excellent Moderate to poor 
Organic loading rate Moderate High 
Sludge production High Low 
Nutrient requirement High Low 
Alkalinity requirement High Low 
Energy requirement High Low to moderate 
Temperature sensitivity Low High 
Start up time 2-4 weeks 2-4 months 
Odor L~$S OQ9rS P9t~l)ti(ll odors 
Bioenergyrecovery No Yes 
Mode of treatment Total Essentially pretreatment 
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Opportunities and limitations of aerobic and anaerobic treatment methods are 
highlighted. Aerobic biological treatment processes are normally used when high 
degree of effluent quality is desired, whereas anaerobic treatment effluent serves as 
pretreatment and anaerobic treatment can be based on concept of biotechnology for 
resource recovery and utilization [85]. Frostel [241] and Cervantes et al. [242] have 
identified the benefits of anaerobic and aerobic treatment processes of wastewater as 
follows: 
1. High potentials of resource recovery and utilization by removing most of the 
organic pollutants and converting them into biogas and other gaseous by-
products. 
2. Achieving high degree of treatment efficiency, through provision of aerobic 
post-treatment which polishes the anaerobic effluent. The aerobic treatment 
serves to stabilizes the fluctuations in the anaerobic effluent quality. 
3. Through digesting excess siudge form aerobic process anaerobicaliy, iess 
disposal of sludge and minimum stabilized sludge is produced, which eventually 
leads to a reduction of cost to dispose sludge. 
4. Consumption of low energy is common to anaerobic systems. Anaerobic 
pretreatment serves as equalization basin, where diurnal variations of oxygen 
demand could be reduced, leading to aeration and energy requirements. 
5. In presence of volatile organics in wastewater, the volatile organics compounds 
are degraded anaerobically, reducing the tendencies of volatilization during 
aerobic phase of treatment. 
Several authors (Table 2.8) have reported use of various anaerobic-aerobic systems 
to treat FBI wastewaters, with influent COD ranging from 345 to 7,900 mg!L. Based 
on available data, anaerobic-aerobic systems can achieve COD removal efficiency 
ranging from 80 to 98.7 %, with OLR ranging between 1.6 to 7 kg COD/m3 d. However, 
inspite ofthe potentials of anaerobic-aerobic systems, some drawbacks include the fact 
that nitrate generated in aerobic zones due to oxidation of organic matter will be 
untreated. Thus, released into the environment with possible consequences highlighted 
in Section 2.3. Thus, prospects to achieve stringent effluent requirements of TN requires 
anoxic condition to reduce nitrate levels safe for discharge into receiving water bodies 
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Table 2.8: Integrated anaerobic and aerobic systems to treat food industry wastewater 
S/no Bioreactor Type of Influent OLR Total Anaerobic Aerobic Total Anaerobic Aerobic Ref. 
type wastewater COD (kg COD/m3 d) COD COD COD HRT(h) HRT(h) HRT(h) 
(mg/L) removal removal removal 
(%) (%) (%) 
1. SAA Diluted 1000-3300 - 84 - - 3-11 - - [243~ 
bioreactor landfill 
leachate 
2. RAAIB Sewage 345 - 84 - - 1.2-15.5 [2443 
bioreactor 
3. AAIBR Potato starch 1100-4500 - 88.4-98.7 87 - 1.2-15.5 - - [245il 
ww 
4. JBILAFB Food 960-7900 1.6-5.6 80 - - 24 [224~ 
processing 
5. UASB+AS Olive mill 1800-4400 3-7 95-96 70-90 >60 28.3 14.7 13.6 [246~ 
ww 
Bioreactor type- SAA: Simultaneous aerobic and anaerobic bioreactors, RAAIB: Radial anaerobic/aerobic immdbilized biomass, AAIBR: Anaerobic aerobic 
integrative baffled reactor, JBILAFB: Full-scale jet biogas internal loop anaerobic fluidized bed, UMAR: upflow multistage anaerobic reactor; UASB: upflow 
anaerobic sludge blanket, AS: activated sludge, ww: wastewater. 
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2.12.1.2 Biological nitrogen removal perfomance with various configurations 
Lee et. al. [247] proposed a modified Ludzack-Ettinger (MLE) type membrane 
bioreactor as a method for treating food disposer wastewater. The process was shown 
to be effective with a high COD/nitrogen ratio of 20. Removal of both organic matter 
and total nitrogen can be achieved according to some BNR configurations shown in 
Table 2.9. 
Table 2.9: Performance of some BNR configuration processes 
Configuration .HRT R Total Anoxic/ Removal (%) Ref. 
(h) Qrn/Qrn SRT Aerobic 
(d) (v/v) ratio 
UBR-A 7-9 0.333 14-50 0.57-0.73 COD: 90-94% [248] 
Process UBR, TN: 59-76% 
Aerobic, ST 
IVMBR 6.67 4 30 1:1 COD: 95% [212] 
. TN: 76% 
UASB-A/0 1.75 4 82.6 1:3 COD: 95.6% [249] 
NH4-N: 99.5% 
UASB-AS 23-39 1-3 51-75 0.63 COD: 97%, [250] 
TN: 77% 
MLE 6 4 12 1 NH4-N: 17-98% [251] 
A2/0 96-336 1-4 - 1 COD: 96% [252] 
N:50% 
UBR: Upflow bioreactor, IVMBR: Integrated memebrane bioreactor, UASB-NO: Upflow 
anaerobic sludge blanket anoxic/aerobic, UASB-AS: Upflow anaerobic sludge blanket 
activated sludge, MLE: Modified Ludzak Ettinger process, A2/0: Anaerobic/Anoxic/Aerobic 
2.13 Influence hydraulic retention time and internal recycle on denitrification 
Influence of HRT and recycle (R) rate are important parameters to influence high 
degree of nitrogen removal in wastewater treatment [ 193, 25 3]. HR T is expressed as 
the ratio of total reactor volume to influent flow rate and represents the average time 
the liquid resides within the reactor. The total HR T of a system is determined by the 
influent flow rate, whereas the actual HRT in the reactor is controlled by both the 
influent flow rate and R streams. A lower HR T could result in higher loading and 
influent flow rates, which increases the hydraulic and substrate loading rates, and affect 
removal performance [254]. Kim et al. [253] studied pre-deniyrification of industrial 
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wastewater and found that removal efficiency significantly decreases with a decrease 
in the HRT. Conversely, a high HRT increases the solubilisation of organic matter in 
both colloidal and particulate form and supports nitrification [255]. In spite of this, a 
high HRT may prove uneconomical, necessitating the need for establishing a balance 
between cost and removal efficiency [256]. 
The R ratio determines how much nitrate formed during the nitrificatin process is 
transfered to anoxic region for denitrification. In the case of strong nitrogenous 
wastewaters there are positive effects for reduction of toxic effects due to high ammonia 
concentration as a result of dilution due to combined flow. In BNR process, the R ratio 
are normally between 1 and 4 [115]. For a typical MLE type configuration, IR flow is 
more sensitive as the non recycled nitrates will escape with the effluent. If the 
denitrification performance is not limited by the availability of substrate and microbial 
kinetics, then effect of IR on system denitrification potential can be expressed 
according to Equation 2.16 [257]. 
R 
PD-IR (gIN I d) = =.TN INFQ (2.16) 
l+R IN 
Where Pn-rR is the denitrification potential with respect to internal recycle, R is the 
internal recycle ratio (R = QrRIQIN), TNINFis the total nitrogen concentration and QIN is 
the influent wastewater flow rate. Using the expression from Equation 2.16, effect of 
increasing Ron the denitrification efficiency (%) in a pre denitrification system like 
MLE is shown in Figure 2.5. 
There will be increase in denitrification potential until an R of 3 to 4, beyond which 
denitrification is not improved considerably. This condition could warrant recycling 
more liquour with DO content. Oxygen as an electron donor is more favored by 
denitrifiers (facultative heterotrophs) over nitrate. 8 % more percent of energy is 
supplied by oxygen and 50 % more cellular growth per unit of oxygen compared to 
same amount of nitrate utilized [167]. Hence, recycling mixed liquor with high DO 
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Figure 2.5: Graphical illustration of denitrification efficiency with R [257] 
2.14 Influence ofsolids retention time 
The nitrifiers (AOA and NOB) in the BNR are inherently slow growers, therefore, SRT 
enhances their development [258]. Heterotrophic bacteria grows faster than nitrifiers. 
Less energy is acquired from ammonia and nitrite oxidation, thus, growth rate of 
nitrifiers is 10-20 times slower than heterotrophic bateria, consequently higher SRT is 
requisite in order to maintain sizeable consortia [167]. Variety of new and diverse 
bacteria population have been reported at longer SRT for ASP with observed low sludge 
formation [259]. Increased nitrogen removal was observed with a system having 
anoxic/aerobic configuration operating at a longer SRT, where lower SRTwas reported 
to be more vulnerable for biomass washout [260]. Although, keeping higher in the 
system could lead to biomass accumulation, thereby with tendencies of rising inert 
materials fraction having less active microorganisms and low substrate [261]. 
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2.15 Monod's model for microbial growth and substrate utilization 
The production of sludge is a specific feature of the activated sludge process. The 
utilization of the substrate by the microorganisms result in the growth of new biomass 
[262]. The knowledge of biokinetics in wastewater treatment is essential for appropriate 
design and optimization of operational conditions [263, 264] [265]. 
The Monod's equation [266] is generally accepted by the International Association 
on Water Pollution Research and Control (IA WPRC) task group as the fundamental 
basis for development of the Activated Sludge Models (ASM) [267], and most 
frequently used model to describe the interaction between growth of microorganisms 
and utilization ofthe growth limiting substrate [84, 85, 145, 268]. Monod equation is a 
kinetic model which describes microbial growth as a functional relationship between 
the specific growth rate and essential substrate concentration [269]. 
There are existing additional models which describe microbial growth and substrate 
degradation kinetics, but the Monod's formulation has the benefit of its simplicity, 
accurate and comparatively expressive [270]. The graphic representation of Monod's 
equation is shown in Figure 2.6. 
High Substrate Availability .Low Substrate Availability 
~max 
O.S~ax {a) 
Ss Ss,lim Ss 
Figure 2.6: Illustration ofMonod's parameters limiting growth kinetics at different 
substrate availabilities [271] 
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Monod model's distinct formulation allows changing from zero-order growth 
kinetics at high substrate concentration to first-order growth kinetics at low substrate 
concentrations, so as to imitate actual microbial behavior [271]. Figure 2.6a illustrates 
the high availability of readily biodegradable substrate (SB); growth kinetics are 
independent of substrate concentration and instead are determined by the maximum 
specific growth rate (pmax). In contrast, at low substrate availabilities, growth kinetics 
become substrate limited and the so-called "half-saturation constant" or "affinity 
constant" (Ks), substrate concentration at which the growth rate corresponds to half the 
(pmax) is the main parameter influencing growth rate (Figure 2.6b ). In low substrate 
availability conditions, microbial competition for substrate becomes a relevant 
phenomenon. It is common process understanding that the organisms with the highest 
affinity towards the substrate with lower Ks will outcompete the other ones present in 
the culture. This understanding can be explained using the Monod equation in 
Figure 2.6b. The organism with the lower Ks (Ks1) presents higher growth rates at low 
substrate availabilities than the organism with a higher Ks value (Ks2), given that flmax 
is the same. From the foregoing, it follows that at low substrate availabilities, process 
performance according to the model will be determined to a large extent by the value 
of the "half-saturation constants". Previously, the operation of wastewater treatment 
processes has been closer to the situation shown in Figure 2.6a than to the one shown 
in Figure 2.6b, especially in systems with low solids retention times, with specific 
maximum growth rates determining the rates and extent of contaminant removal [272]. 
Numerous industrial wastewaters, including food processing wastes, regularly have 
colloidal and particulate organics that undergo hydrolysis prior to biodegradation [273]. 
The kinetic modeling of hydrolysis in wastewater treatment has been reviewed [274], 
with the opinion that most widely used kinetic model was first order with respect to the 
particulate substrate [275, 276]. 
2:15.1.1 Some past studies to determine bfokinetic coefficients us-lng Monad's model 
Some reported kinetic studies conducted on food wastewater is discussed here. 
El-Kamah et al. [277] made attempts to determine the biokinetic constants for 
heterotrophic bacteria in an SBR operated system with three different organic loading 
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rates (QLRs}: 2, 1.7 .. and 1,1 kg COD/1113 d. The results of continuous long-term 
operation showed that by decreasing OLR from 2 to 1.7 kg COD/m3 d, there was an 
increase observed in removal efficiency from 95.5-99.3% for COD, from 95.3-98.1% 
for BOD and from 87-97.7% for TSS. Whereas, with further reduction in the OLR to 
1.1 kg COD/m3 d, there was no substantial effect on COD or BOD removal. 
Additionally, remaining total nitrogen concentration decreased by decreasing the OLR. 
Although, increasing the OLR brought slight drawback on the removal of total 
phosphorous. For the determination of the biokinetics coefficients, the experimental 
data indicated that the substrate utilization kinetics are consistent with Monod's kinetics 
model approximately. The maximum specific growth rate (pmax), half velocity 
coefficient (Ks), growth yield coefficient (Y) and decay coefficient (IV) were 
determined as 2.94 d-1, 15.22 mg/L, 0.2384 g VSS/g COD and 0.2019 h-1, respectively. 
Durai et al. [278] conducted a study on aerobic digestion from tannery wastewater 
industry using mixed culture sourced from effluent of the treatment plant of the tannery 
wastewater. The wastewater effluent COD concentration was found to be 1,560 mg/L 
which was used as the substrate into the aerobic reactor. Kinetics studies were carried 
out using Monod model, First order, Diffusion model and Singh model. The results 
obtained for the kinetic study found that the Monod model fits well for the degradation 
of tannery wastewater using mixed microbial consortium. 
Lateef et al. [279] carried out research to evaluate the performance of laboratory 
scale biological treatment process for a diary industry wastewater and to determine 
bio-kinetic parameters for an activated sludge process. The experimental set up consist 
of an aeration tank and a clarifier for settling the biomass which was operated 
continously for three months. Parameters such as HRT were varied from 2-12 d. The 
influent and effluent BOD as well as the MLSS of the aeration tank were determined at 
various detention time to generate data for the kinetic co-efficients. The kinetic co-
efficients k (maximum substrate utilization rate), Ks (half velocity constant), 
Y (cell yield co-efficient) and IV (decay co-efficient) were obtained as 4.46 d-I, 
534 mg/L, 0.714, and 0.038 d-I, respectively. 
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Batch scale ASP kinetic studies were carried out by Nakhla et al. [273] to treat pet 
food wastewater categorised by oil and grease concentrations. The concentration levels 
were up to 21,500 mg/L for COD, and BOD concentrations of 7 5,000 and 60,000 mg/L, 
respectively as well as effluent from the batch dissolved air flotation (DAF) system. 
The results of the kinetics studies showed that Monod model kinetic constants for the 
raw wastewater i.e., k, Ks, Y, and KH varied from 1-1.3 gCOD/gVSS d, 
5580-5600 mgCODIL, 0.08-0.85 mgVSS/mgCOD, and 0.21-0.66 d-1, respectively. 
Mardani et aL [280J undertook a research study to determine the bio kinetic 
coefficients and performance to determine efficiency of three activated sludge process 
plants. These plant comprise conventional, extended aeration (EA), and contact 
stabilization. Research was conducted for period of six months as pilot-scale at Isfahan 
south municipal WWTP. Two regimes were changed for the MLSS concentration in 
aeration chamber.The operation was conducted in five stages for each MLSS 
concentration, flow rate and solids retention time (SRT). Results for investigation 
presented kinetics co-efficients as: yield constant (Y), decay coefficient (/G), maximum 
specific growth rate (ltmax) and saturation constant (Ks) for the conventional ASP 
observed in range of0.48-0.8 mg VSS/mg sCOD, 0.0189-0.026 d-I, 0.95-0.98 d-1 and 
52-71 mg sCOD/L. Corresponding values for the EA kinetic co-efficients were 
obtained as; 0.6174-1.2512 mg VSS/mg sCOD, 0.0198-0.0309 d-1, 1.96-3.17 d- 1 and 
311.7-508 mg sCODIL, and for contact stabilization 0.6322-0.713 mgVSS/mg sCOD, 
0.0172-0.0387 d-1, 0.23-0.42 d-1 and 13.8-50.8 mg sCODIL, respectively. The kinetic 
co-efficient values for conventional and contact stabilization processes were similar to 
previous findings reported in literature. But, values of EA process for Ks and Y with 
MLSS of 5,000 mg/L were not within normal range reported. Sensitivity analysis for 
variations in bio-kinetic coefficients express relationship of Kd and Ks as direct with 
effluent substrate concentration. However, P,max was inversely related to the 
concentration of effluent substrate. Additionally, irrespective of substrate source and 
concentration of aeration chamber MtSS, effluent substrate concentration was 
observed as more sensitive to p,max than Kd and Ks. The results also showed performance 
for COD removal efficiency in conventional system ranges between 83 to 92.5%, EA 
between 88 to 93.8%, and contact stabilization system between 77 to 92 %. 
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2.16 Chapter summary and further studies 
Various systems to treat beverage wastewater have been studied, which include 
anaerobic, anoxic and aerobic processes. Though, some significant demerits exist for 
conventional systems such as use of large space for installation, odorous smell and 
production of excess volume of sludge. Sludge disposal in landfills, land application or 
incineration, or as post treatment alternative could attract substantial efforts to manage. 
Hence, one of the feasible strategies to tackle surplus sludge disposal is to reduce its 
production at operational stage. Outcome from this review indicated that 
anaerobic/aerobic bioreactors can be effective in treatment of beverage wastewater, the 
process however, is limited to provide adequate removal of TN because oxic 
environment alone as the case of ASP treatment basin remains unfavorable for 
denitrification [281]. Therefore, denitrification alternatives must prevail to effectively 
reduce nitrates in a separate reaction chamber [282]. Release ofthese nitrates into water 
bodies has been linked to endogenous formation of nitroso compounds (such as 
nitromines and nitrosomides ), which have been reported as potential carcinogens 
[63, 283]. Overall observation has shown that COD removal efficiency is generally 
lower when organic loading rates are high [26, 253]. Although, suspended growth 
bioreactors are operated with lower organic loading rates, whereas, attached growth 
bioreactors could relatively be operated at higher organic loading rates to treat 
wastewater. It is recommended that aerobic treatment process could proceed with COD 
concentration lower than 1,500 mg/L, and anaerobic treatments with much greater COD 
concentration values of up to 50,000 mg/L, which can be further reduced to manageable 
concentration from successive treatment [85, 284]. 
Based on identified gaps established in literature review, major operational 
conditions controlling loading rates, hydraulic retention time, solids retention time are 
indicated with significant effect on biodegradation process of organic matter, 
nitrification and denitrication performance. Considering these dynamics, there is need 
to study underlying control parameters within integrated suspended growth bioreactor 
operation. This pro~cess c_ombines treatment s_equence with mediums ofanoxic, aerobic 
and aerobic digestion of sludge, in a view to accomplish stable and optimum treatment 
to remove carbon, nitrification, denitrification and simultaneous reduction of sludge. 
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3.1 Chapter overview 
CHAPTER3 
METHODOLOGY 
This chapter describes the materials and methods used in this research. Consequently, 
in this section details will be given explaining the site description of the research 
collaboration industry, characteristics of the wastewater used for the pilot study, 
experimental design detailing the experimental phases, an analytical procedure for the 
physiochemical parameters, sampling plan and techniques for performance evaluation 
are presented in this chapter. 
The research was conducted in three phases. These phases include the following: 
i. Phase I: Concept development, design, and fabrication: 
Bioreactor was designed to have anoxic chamber receiving influent wastewater 
from beverage industry, followed by aerobic chamber, and settles the biomass in 
clarifier. Aerobic digestion chamber was designed as a stand-alone chamber to 
degrade excess activated sludge. Bioreactor was fabricated by Solution Engineering 
Sdn. Bhd. in Malaysia. 
ii. Phase II: Operation with aerobic digestion: 
This phase was the start-up, operation and simultaneous sludge digestion using 
i-SGBR system, and it comprises of four steps; 
a. Phase II-A as start up, biomass build, acclimatization and steady state 
operation with influent flow rate of 45 Lid, IR of3 and, then 
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b. Phase II-B was operation with influent flow rate of 45 Lid, IR of 6 
c. Phase II-C was operation with 70 Lid, IR of6 and 3, and 
d. Phase II-D was operation with 100 Lid, and IR of 6. 
iii. Phase III: Bio-kinetic study with aerobic digestion 
This phase comprises of five steps operation to generate data for the bio-kinetic 
parameters. The operation to determine the bio-kinetic coefficients for carbon 
oxidation was conducted using Modified Monod's model with the following 
consideration; 
a. Phase III-A was operated with an influent flow rate of 100 Lid, SRT of 
40 days and AER-C HR of 30 hours. 
b. Phase III-B was operated with influent flow rate of 110 Lid, SRT of 
35 days and AER-C HRT of27.3 hours, 
c. Phase III-C was operated with influent flow rate of 120 Lid, SRT of 
30 days and AER-C HRT of 25 hours, 
d. Phase III-D was operated with influent flow rate of 135 Lid, SRT of 
25 days and AER-C HRT of22.2 hours, and 
e. Phase III-E was operated with an influent flow rate of 150 Lid, SRT of 
20 days and AER-C HRT of20 hours. 
From the foregoing, experimental phases are expressed and segmented by the 
methodology framework according to Figure 3.1. Operation of aerobic digester was 
carried out based on batch feeding at HRT of24 hours and SRT of 10 days, where 
the aerobic digester was fed and decanted daily with a sludge volume of 
7.5 Lid from the clarifier underflow. Wasting of sludge was considered from the 
waste-line of waste activated sludge at clarifier underflow. 
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• Start-up and acclimatization, 
Q = 45 L/d, IR = 3, RAS = 0.8, 
MLSS = 3000 mg/L 
• Design and fabrication of bioreactor (i-SGBR) 
• OLR-1 
0:= 45 L/d, IR = 6, RAS = 0.8, 
MLSS = 3000 mg/L 
-----·-----·--~-·· -~* 
r---------~-===========:!.-~~-==' = · r 11 ) (Phase 11-QJ ___ .. 
• OLR-2 r--- • OLR-3 
Q=70L/d(OLR-2),1R=6&3, I D~C=_l~~L/d(OLR-3),1R=6, 
RAS = 0.5, MLSS = 3000 mg/L j RAS = 0.5, MLSS = 3000-5000 
_ mg/L __ r --- --------- ---- ---- ---------------------------------
Operation of aerobic digestion, SRT = 10 days, Phase II B-Phase 11-D I 
--------------------------------------------Day 1-162 
,.I [ Phase 111-A-] .. 1. - 'C Pha~e 111-B-] - ·- ). [ Phase 111-C J ( Phase 111-D ]rL ·n r t Phase 111-E 
~ I Q • 10~ ~~~;~ ~ 6, RAS l' Q • 11~ ~~;: • 6, RAS 1
1
1 Q = 120 ·L~~~~5= 6, RAS = ~-~~-~~~;-~~~~:~-~,-~:~-~ o = 15~ ~~~~~ = 6, RAS 
~ = 0.5, MLSS = 5000 mg/L, 1 = 0.5, MLSS = 5000 mg/L, J 0.5, MLSS = 5000 mg/L, !_· = 0.5, MLSS = 5000 mg/L, I = 0.5, MLSS = 5000 mg/l, 
I I SRT=40 Days 1 SRT= 35 Days SRT= 30 Days i SRT= 25 Days l SRT= 20 Days 
I L L '·-······--·-·········---------------··-------------------.. -' '------,-----
Operation of aerobic digestion, SRT = 10 days, Phase Ill A-Phase 111-E 
-------------------------------------------· 163-278 ---------------------------------- - ---- ----------- -------
Figure 3.1: Flow chart for the methodology framework 
52 
3.2 Site description and existing treatment system 
The wastewater for the site originates from FBI, which is a franchised company 
producing can products, predominantly brands of Milo and Nescafe for a conglomerate, 
Nestle. Daily activity routine include 18 hours production and 6 hours for cleaning. As 
gathered from the industry's inventory, average volume of the wastewater produced 
daily ranges between 40--60 m3/d. 
The company's current wastewater treatment system is extended aeration activated 
sludge system. Figure 3.2 illustrates flow chart of the existing treatment process. The 
main goal was to reduce level of organic matter and treatment of ammonia from the 
effluent wastewater produced due to production activities. This was in view to conform 
with local legislation prior to its discharge to the natural environment. 
s d t t t econ 1arv rea men 
Screen and grit removal 
~~~~ II 
Balance Aeration Aeration Inflow I f-+ ~ tank 1, ... tank2, + Clarifier tank, 
I 500m3 500m3 500m3 I 
Return activate slud!!e 
L--1 Sludge pitj Sludge 
Effluent 
Figure 3.2: Current activated sludge wastewater treatment system 
The treatment method is a traditional practice adopting conventional aerobic 
wastewater treatment system. This comprises physical treatment (preliminary 
pre-treatment) which was mechanically operated to screen and remove grit, and 
removal of large particles from the wastewater that were separately collected and 
disposed of. The wastewater was then channelled and stored in balance tank reservoir 
with a capacity of 500 m3. The next process was the secondary treatment or biological 
treatment, where there were two extended aeration tanks (tank 1 and tank 2), each with 
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capacity of 500 m3 that operated in series. The objective of the secondary biological 
treatment is to oxidize the organic matter and remove the non-settleable colloidal solids. 
The clarifier was to settle the biomass following secondary treatment, and settled 
biomass was returned to the aeration tank 1 with supernatant discharged as effluent. 
The RAS was frequently returned to the aeration tank 1 to maintain the biomass 
concentration. 
3.3 Source of influent wastewater for the pilot study 
To operate i-SGBR system, initial stages entail prerequisite information to characterize 
the wastewater. Influent features of wastewater for the study were analyzed. The 
parameters such as COD, sCOD, BODs, TSS, TP, ammonia-nitrogen, nitrate-nitrogen, 
total nitrogen, TKN, and pH were determined. 
Required quantity of wastewater was pumped from the industry's WWTP balance 
tank (500m3) to the i-SGBR system feed tank as illustrated in Figure 3.3. The quantity 
pumped during phase II was 45 L, 70 Land 100 L, and during phase III, 100, 110, 120, 
135, and 150 L were pumped during various steps of the experiment. The pumping was 
automated by a submersible pump with a capacity of supplying 50 Lim fitted with a 
timer. 
Figure 3.3: Illustration of the wastewater feed transfer to pilot i-SGBR 
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3.4 Experimental scheme for the operational phases 
In this section, operation and control parameters, experimental design and performance 
of the system for each phase is discussed in order to achieve the specific objectives. 
Section 3.4.1 details the concept, design, and fabrication, Section 3.4.2 explains the 
start-up and operation in phase II, and Section 3.4.3 explains the determination of 
bio-kinetic coefficients for carbon oxidation for phase III operation. 
Activity in each phase was operated until its steady state conditions were reached, 
then only the next successive activities were carried out. Steady operation of the process 
was assumed to be reach when change in concentration with time in effluent was 
observed. In earlier researches, steady state was presumed at obtaining values of 
standard deviation for the mean efficiencies of COD removal, nitrification and 
denitrification when they were less than 10% in variability [285, 286]. Generally, 
biological treatment methods are certainly variable as a result of changes due to influent 
loadin~s, external uncertainties and internal dispositions in the microbial state 
[287, 288]. 
3.4.1 Phase I Experimental scheme: Bioreactor concept, design, and fabrication 
In this research, an innovative integrated suspended growth bioreactor system (i-SGBR) 
was designed, developed and operated as a pilot plant. The compact system was 
operated to evaluate the effectiveness for removal of organic matter (COD and BODs), 
nitrogen, suspended solids, degradation of excess sludge, and the biomass settling in 
CLR. The conventional system described in Figure 3.2 has the treatment systems 
segregated. Thus, the concept of i-SGBR has all the treatment chambers integrated 
within a single system. The treatment chambers of i-SGBR were constructed and 
combined together, through ascending the treatment units vertically upward as 
alternative to disperse radially. Treatment chambers utilize common wall area 
separation in between the chambers. Performance of i-SGBR was assessed through the 
degradation of the organic matter, elimination of total nitrogen, and simultaneous 
reduction of sludge in the system. The conceptual design of i-SGBR system is shown 
in Figure 3.4 a. and b. 
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PRE-ANOXIC CHAMBER DENITRIFICATION 
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Figure 3.4: The conceptual design and biochemistry ofi-SGBR system 
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Wastewater in i-SGBRfeed tank (150L) was supplied into ANX-C. ANX-C utilizes 
wastewater as carbon source electron donor for denitrification. E-ANX-C discharges 
into AER-C. Nitrates produced in AER-C and AD-Cis pumped to ANX-C through 
internal recycle (IR) pump, terminal electron acceptor is nitrate [193]. 
Stoichiometry for overall denitrification process was described in Equation 2.1 0 in 
Section 2.7.3.2. Nevertheless, the ANX-C has the advantage to recover alkalinity and 
DO from the denitrification process. Three distinct processes occurring in the AER -C 
are; oxidation, synthesis and endogenous respiration of organic matter [ 61, 84]. 
The carbon oxidation process, synthesis, and endogenous stoichiometry are 
described in Equation 2.1 and Equation 2.2 in Section 2.5.1. Nitrification process 
produces ammonia nitrogen, which ultimately is oxidized to nitrate, and subsequently, 
nitrate is reduced in the ANX-C to nitrogen gas [289]. Stoichiometry of nitrification 
process is described in Equation 2.6 in Section 2.7.2.2. 
Oxidation process requires DO and results in the destruction of alkalinity, thus with 
tendencies oflowering the pH of the aerobic system. Recycle of thickened RAS in CLR 
was done through the intermittent recharge of biomass, so as to keep concentration of 
biomass in the aeration chamber [290]. 
AD-C was operated as a separate unit, periodically supplied with sludge through 
underflow and held until required HRT. The stoichiometry of the AD process is 
described by Equation 2.12 and Equation 2.13 The i-SGBR AD-C resembles the 
conventional AD process, where the addition of sludge to an aerated basin was done 
daily, and the SRT is greater than the HRT [85]. In the intermittent process, the solids 
are added and removed from the AD periodically, usually once per day. Using the 
formula C5H7N02 to symbolize mass of a typical cell of microorganism [112, 208], the 
stoichiometry for the aerobic digestion can be expressed according to Equation 2.14 
and Equation 2.15 in Section 2.9.1. 
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Equation 2.14 represents the system inhibiting nitrification, where nitrogen is 
released in the form of ammonium. While, for a system in which nitrification occurs, is 
expressed by Equation 2.15. The aerobic digestion process is similar to extended 
aeration process with common endogenous metabolism environments [85]. The 
degradation manner continue from hydrolysis of' biodegradable organic matter, and 
conversion to soluble organic matter, with release of nutrients. The next sequence is 
transformation of biodegradable soluble organic matter to carbon dioxide, water, and 
active biomass with help of heterotrophic bacteria. Successively, active biomass 
proceeds through decay process to produce carbon dioxide and water, and extra inactive 
biomass as cell debris [200]. Non-biodegradable part of particulate matter from influent 
will be unchanged, and remain part of digested solids. Aerobic digestion results in the 
degradation ofML VSS and MLSS [85, 203, 204]. 
System SRT control was achieved by MLSS concentration in AER-C from sludge 
wasting rate. Sludge wasting was necessary to get rid of a non-biodegradable portion 
of inert matter accumulation in the system [268, 291]. The final settler serves as a 
separator to settle the biomass and supernatant wastewater was discharged. 
The i-SGBR system was then designed and operated as a continuous flow 
suspended growth system, resembling upsteam denitrification and downstream 
extended aeration process, and addition of aerobic digestion system. Design was 
according to the outlined process explained elsewhere [84, 113]. The process design 
calculations for combined removal of organic matter and nitrification and 
denitrification were prepared based on adapted bio-kinetics parameters [84]. The design 
of i-SGBR was based on the temperature of 28 °C, where temperature correction was 
done according to the Arrhenius Equation 2.7 in Section 2.7.2.1. The values of 
bio-kinetic coefficients are provided in Table 3.1. 
The designed volumes were calculated and obtained for ANX-C, AER-C, AD-C, 
and CUt A concentric geometry was considered in the design of i-SGBR system, 
where the individual chambers for each treatment unit were concentrically placed 
radially from the center. The innermost concentric chamber is ANX-C, then followed 
by the AER-C, next to AER-C is the AD-C (stand alone process), and finally clarifier. 
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An overview of i-SGBR system is illustrated in Figures 3.5 through 3.6 showing the . . . 
top view, bio-reaction chambers (ANX-C, AER-C, AD-C, and CLR), rear view and the 
approach view. 
Table 3.1: Values adopted for the kinetic coefficient for design 
Description Coefficient Value 
Biomass yield co-efficient for heterotrophic y 0.4 gVSS/gbCOD 
bacteria 
Half- velocity constant Ks 20 g/m3 
Fraction ofbiomass remaining as cell fd 0.15 -
debris 
Half-saturation coefficient for DO Ko 0.5 g/m
3 
Biomass yield co-efficient for nitrifying Yn 0.12 gVSS/gNH4+-N 
bacteria 
Maximum specific growth rate of nitrifying f-ln,m 1.29 g/g.d 
bacteria 
Half-velocity constant for nitrification Kn 1.12 g/m3 




Specific growth rate of nitrifying bacteria, g f.ln 0.21 g/g.d 
new cells/g cells.d 
Endogenous decay coefficient Kd 0.16 g/g.d 




Temperature, t 28 oc 
Figure 3.5: Top view ofi-SGBR treatment chambers 
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Figure 3.6: i-SGBR rear view & approach views 
Modified Ludzack-Ettinger (MLE) process was adapted for the treatment 
configuration [84, 114, 178, 292]. The MLE process is one of the most widely used 
processes to remove nitrogen from wastewater, although most plants using the MLE 
process are operated at constant DO in the aerobic zone and constant internal recycle 
flow (IRQ) to the anoxic zone [293]. Thus, the i-SGBR comprises an upstream anoxic 
zone followed by the aerobic zone where nitrification occurs in the aerobic zone and 
nitrate is then recycled back to the anoxic zone for denitrification [114]. 
3.4.2 Phase II Experimental scheme for the operation 
The start-up and operation of the i-SGBR for the experiment in phase II are described 
here. Phase II was operated between day 1-162 in suspended growth mode treating FBI 
wastewater. The objective was to monitor and evaluate the performance of i-SGBR on 
effect HRT and IR with flow rates of 45, 70 and 100 Lid and operate simultaneous 
sludge degradation. The volumes of ANX-C, AER-C, AD-C and CLR were fixed 
throughout the duration of the experiment. 
60 
3.4.2.1 Phase II operation and control parameters 
System operation and control parameter such as MLSS, ML VSS, SVI, pH, temperature, 
DO and food to micro-organisms (F/M) ratio were monitored. i-SGBR system was 
operated for 40 days SRT and AD-C for 10 days SRT. Microbial parameters such as 
heterotrophic plate count (HPC) and determination of microfauna such as protozoa and 
metazoa was carried out from the sludge samples in the aeration chamber. 
Solids balance was performed for both MLSS and ML VSS within the AD-C system 
boundary according to the procedure defined in previous research [84, 294, 295]. The 
determination ofthe actual volatile solids reduction efficiency in an operating aerobic 
digester should be based on the mass flow rates of VSS entering and leaving it. 
Nevertheless, some sources [204] use the percent VSS content of the feed and effluent 
solids to make this calculation, it susceptible to inaccuracy due to the procedure does 
not consider changes in the fixed suspended solids and accumulation in the aerobic 
digester system [85]. 
A comparison was made between the degraded mass from the effluent aerobic 
digester (EAD) and wasting rate (Qw. Xr) from CLR underflow, in order to maintain 
the desired SRT in the i-SGBR AER-C. The aerobic digester efficiency and the 
operational SRT of the AER-C are key variables to determine the wasting rate. 
Equation 3.1 is the general concept for the expression of mass balance [84 ], and Figure 
3.7 presents schematic diagram ofthe aerobic digestion mass balance principle [294]. 
Overall change in mass = LJAD- LEAD ±Net change within AD-C system (3.1) 
This process includes the mass entering the aerobic digester (lAD), the 
accumulation in the aerobic digester [~(CR*VR)], and the digested mass going out of 
the aerobic digester (EAD). The aerobic digestion process is according to the 





Figure 3.7: Solids mass balance [294] 
In Figure 3.7, Cis the concentration (mg/L) ofMLSS/MLVSS lAD, Vi is the daily 
volume (L) of feed sludge, cRis the concentration (mg/L) of MLSS/MLVSS in 
i-SGBR AD-C, vR (L) is the AD-C volume (L ), !1C R * VR is the i-SGBR sludge solids 
mass (mg/d) over the sampling period,cE is the EAD concentration (mg/L) 
MLSS/ML VSS, and vE is the daily discharged volume from the EAD. 
The solids destroyed (MLSS and ML VSS) and % solids destroyed for each 




%Solids destroyed = X 100% 
(CiVi) 
(3.3) 
AD-C was operated and monitored based on 10 days SRT. The HR T during each 
period of monitoring ofthe AD-C was 24 hrs on the intermittent feed of only the RAS. 
Hence, with the AD-C volume of75 L, 7.5 L ofRAS concentrated sludge was fed daily 
into it and 7.5 L withdrawn. The AD-C valve was manually operated to be consistent 
with the required daily target volume, then valve closed as soon as pumping was 
completed. Since the AD-C volume and SRT were fixed, the daily sludge fed to the 
AD-C was obtained according to Equation 3.4 
(3.4) 
Where V (L) is the aerobic digester volume, Q is the flow to the AD-C, and 8c is 
the solids retention time (days). 
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SRT was maintained through daily wasting of sludge from i-SGBR WAS point to 
get rid of excess growth. Wasting of sludge in i-SGBR was done according to 
Equation 3.5. The procedure to perform daily wasting in the ASP based on functional 
relationships have been detailed in previous researches [65, 84, 268]. The wasting was 
necessary to get rid of inert matter that might be non-biodegradable [291]. 
VX Solids in the system, (kg) ... 
(Jc = -- = k , (d) 
XrQw Wasting rate, (_g) 
d 
(3.5) 
In Equation 3.5, Oc is the SRT, being the time biomass was kept in the system before 
being wasted [268], Vis volume of AER-C (L), Qw is waste sludge flow rate, (Lid), X 
and X are the MLSS concentrations (mg/L) inAER-C and RAS, respectively. The SRT 
was a function of solids in the system divided by the wasting rate [84, 268]. Equation 
3.5 was used to determine various sludge wastage Qw to maintain the SRT, with the 
known AER-C MLSS concentration, known volume of AER-C, and known RAS 
concentration (Xr). The mass of underflow was determined using Equation 3.6. 
Under flow mass = XrQw (~9) (3.6) 
In Equation 3.6, Xrand Qw have been defined in Equation 3.5. 
Operation of return activated sludge was performed with sludge returned to the 
AER-C through the ANX-C of the i-SGBR system, which is typical of anoxic/aerobic 
system (A/0). This was to maintain the biomass concentration for operation. This was 
achieved by determining the operational RAS ratio (Ra. Whereas consistency was 
maintained for return rate during each phase and stage of the operation. The RAS flow 
to maintain the biomass concentration in the AER-C depends on the RAS concentration. 
Therefore, the required biomass concentration in the AER-C was estimated based on 
Equation 3.7. The RAS pump was calibrated to achieve the needed concentration 
desired, considering factors such as the viscousity of the biomass. The sludge digested 






In Equation 3.7. X is the AER-C biomass concentration, mg/L, and Xr is the sludge 
concentration in RAS. 
The RAS pump capacity was between 1-5 Lim; and the time to return the sludge to 
the AER-C was automatically phased into 8-time slots per day. Timer with-idle -and 
working modes was programmed to trigger and deactivate each action. Illustration of 
the procedure is according to Table 3.2. The flow was maintained by a control valve. 
The EAD was considered part of the biomass constituting recharge to AER-C. T}le RAS 
was operated between 50-100% of the influent flow rate during the experiment. 
Table 3.2: Time phase for the RAS recycle. 
Description Time slots 
RASpumping Slot 1 Slot2 Slot 3 Slot 4 Slot 5 Slot 6 Slot 7 Slot 8 
W JI wp wp wp w li w I I w I I w I I 
Note: W = working time mode, I = idle time mode 
IR pump was used to transfer nitrate from AER-C to ANX-C. Nitrate produced in 
the AER-C as a result of oxidation of organic matter must be returned to the ANX-C to 
be reduced to nitrogen gas through the anoxic process. IR pump was used, which has 
the capacity to supply between 10-20 Lim. IR was operated for a number of 12 cycles 
per day during various operations of the OLR. The discretion of the interval for IRQ 
was to ensure regular and organized supply of nitrate to ANX-C. 
3.4.2.2 Phase II performance monitoring of the system 
Performance ofi-SGBR system was monitored for removal ofthe organic matter (COD, 
sCOD, and BODs), nitrogen (ammonia-nitrogen, nitrate-nitrogen, TKN, and TN), total 
phosphorus, and TSS. Sludge degradation was evaluated based on MLSS and ML VSS 
reduction in the AD-C system. Experimental scheme for the phase II operation 
(II-A, 11-B, 11-C, and II-D) is presented in Table 3.3. 
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Table 3.3: Experimental scheme and i-SGBR operational conditions for phase II 
Phase II 
Experimental sub- II-A II-B II-C II-D 
phase 
Experiment period 1-50 52-87 89-131 134-162 
(days) 
Flow rate, QINF, 45 45 70 100 
(Lid) 
Hydraulic retention 5.89 3.79 2.65 
time 8Total, HRT 
(days) 
Organic loading OLRAER-1 OLRAER-2 OLRAER-3 
rate, (OLR), AER-C 
Anoxic detention 0.888 0.571 0.40 
time, 8ANX-c, (days) 
Aeration detention 2.78 1.786 1.25 
time, 8EA-c, (days) 
Aerobic digester - 24 hrs 
detention time, 8AD-
c 
Clarifier detention 2.22 1.43 
time, 8cLAR 
Solids retention time >40 40 40 40 
8c, SRT (days) 
Solids retention 10 
time 8c, SRTAD-c 
(days) 
Internal recycle 3 6 6 & 3 (Monitoring IRJ 
ratio, IR effects of IR on 
denitrification) 
Internal recycle 135 270 420 & 210 600 
flow, QINF *IR, (L/d) 
Vol. Pumped in each 11 23 35 18 Optimum 
cycle (12 cycles), ratio from 
(L) II-C 
Pumping duration, 1.0 2.0 2.5 1.5 
(minutes) 
MLSS in AER-C, Build 3000 3000 3000-5000 
mg/L up to 
3000 
RAS ratio, Ri = R! R2 R3 
[X/(Xr-X)] 
Total RAS flow R1 * 45 R2 * 70 R3 * 100 
(RTota!) = (Ri) * QINF, 
(Lid) 
Phase II-A: At the stage of the start-up, leakages and air tightness were checked in 
i-SGBR system, then volume of 130 L activated sludge from beverage WWTP. 
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Figure 3.8 a. and b. show an extended aeration tank and RAS storage pit. Sludge for 
seeding comprise 150 L from plant's extended aeration tank 1 (EA-T) (Figure 3.8 a), 
and 50 L from the plant's RAS storage pit was allowed to settle and used for inoculation 
of i-SGBR (Figure 3.8 b). 
Figure 3.8: (a). Extended aeration tank and (b). RAS storage pit 
The sludge samples were left to settle down during initial 30 minutes, before 
charging settled sludge volume of 130 L inside i-SGBR bioreactor. Common procedure 
was described in previous research [296]. The aeration DO was set between 3-5 mg/L 
and 6- 10 mg/L in AER-C and AD-C, respectively. This was to ensure provision of 
sufficient mixing and suspension of biomass. The continuous feed was maintained at 
45 Lid and closely monitored for effluent and biomass quality. 
Sludge sample from the EA-T and RAS prior to seeding were measured to 
determine the quality of its properties. Parameters such as SSV, SVI, pH and RAS were 
measured. The RAS (Xr) concentration was evaluated from both MLSS and SVI 
parameters [85, 91, 95]. The MLSS and SSV in EA-T and RAS, were 3,188 mg/L and 
250 mL/L, and 15,800 mg/L and 850 mL/L, respectively. The SVI for the EA-T 
(tank 1) was 78.4 mL/g. The pH of sludge samples was in the range of6.2-6.8. 
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In phase II -A, the i-SGBR system was operated between day 1-50 with Q of 45 Lid. 
There was no wasting of sludge in the i-SGBR system prior to reaching MLSS 
concentration of 3,000 mg/L, however, wasting began when desired concentration was 
reached. MLSS for the operation was 3,000 mg/L. The IRQ was set for 135 Lid 
corresponding to IR ratio of 3, and RAS ratio of 0.8 corresponding to 36 Lid were 
regulated during the period of the start-up. Sludge was wasted between day 32-50 after 
the biomass build-up to maintain SRT of 40 days, and IR ratio set to 6 corresponding 
to IRQ of270 Lid. ANX-C and AER-C HRTwere 0.88 day and 2.78 days, respectively. 
Phase II-B: This phase was operated between day 52-87 with Q of 45 Lid, and 
monitoring of sludge digestion started in phase II-B. AD-C was seeded with 75 Land 
25 L sludge from the EA-T and RAS pit on day 49. The aeration was set between 
6-10 mg/L. The AD-C operation started on day 50. The AD-C influent was supplied 
from i-SGBR RAS. SRT operated for the i-SGBR system and AD-C were 40 days and 
10 days, respectively. The RAS ratio to be operated will be adjusted according to the 
sludge concentration in the CLR and the target concentration in the AER-C. Although, 
RAS flow was set as the product ofQ (Lid) and the RAS ratio. HRT for phase II-B for 
ANX-C and AER-C were 0.88 day and 2.78 days, respectively. The operational MLSS 
was 3,000 mg/L. IRQ was set for 270 Lid corresponding IR ratio of 6. 
Phase II-C: This phase was operated between day 89-131 with Q of 70 Lid and 
simultaneous operation of aerobic digestion. In this phase, IR ratio of 6 and 3 was varied 
to monitor denitrification performance. IR ratio of 6 and 3 correspond to IRQ of 
420 Lid and 210 Lid, maintained between day 89-110, and between day 113-131, 
respectively. The shift in IR of 6 to 3 was done after each preceding steady state of 6 
was attained. RAS ratio operated was according to the sludge concentration in the CLR, 
and the target concentration in AER-C, where the RAS flow was set as a product of 
Q (Lid) and the RAS ratio. The ANX-C and AER-C HRT were 0.57 day and 1.79 days, 
respectively. The operational MLSS was 3,000 mg/L. i-SGBR and AD-C SRT operated 
were 40 days and 10 days, respectively. The IRQ was set for 420 Lid corresponding IR 
ratio of6. 
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Phase II-D: Operation in this phase was carried out between day 134-162 with Q of 
100 L/ d and operation of simultaneous aerobic sludge digestion. SR T operated for the 
i-SGBR system and AD-C were 40 days and 10 days, respectively. Conversely, the 
actual daily wasting of sludge was performed include the efficiency derived from the 
aerobic digester MLSS degradation efficiency. The ANX-C and AER-C HRT were 
0.40 and 1.25 days, respectively. The operational MLSS for this phase was 3,000 mg/L. 
Optimum IR ratio from phase li-D will be chosen. The RAS flow will be determined 
according to the MLSS concentration in the AER-C and RAS concentration. The 
AER-C MLSS was gradually build-up from 3,000-5,000 mg/L between days 155 to 162 
without sludge wasting and gradual addition of sludge. 
3.4.3 Phase III Experimental scheme for operation 
This phase III was operated between day 164-278. The purpose was to determine the 
bio-kinetics parameters for the carbon oxidation, which was operated with five flow 
rates; 100, 110, 120, 135 and 150 Lid. Simultaneous operation of sludge digestion was 
monitored with SRT of 10 days. Sludge degradation was evaluated based solids 
reduction. Parameters such as COD, sCOD, and BODs, ammonia-nitrogen, nitrate-
nitrogen, TKN and TN, total phosphorus, TSS, MLSS, ML VSS, SVI, pH, temperature, 
DO and food to micro-organisms (F/M) ratio were measured. The volumes of ANX-C, 
AER-C, AD-C and CLR were fixed throughout the duration of the experiment. 
3.4.3.1 Phase III operation and control parameters 
System operation and control parameter such as MLSS, ML VSS, SVI, pH, temperature, 
DO and food to micro-organisms (F/M) ratio were monitored. The i-SGBR system was 
operated for 40 days SRT and AD-C for 10 days SRT. Consequently, other control 
parameters such as MLSS, ML VSS, SVI, pH, temperature, DO and food to micro-
organisms (F /M) ratio were monitored. Microbial parameters such as heterotrophic 
plate count (HPC) and determination of microfauna such as protozoa and metazoa was 
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carried out from the sludge samples in the aeration chamber. i-SGBR system was 
operated for 40 days SRT and AD-C for 10 days SRT as discussed in Section 3.4.2.1. 
3. 4. 3.1 Phase III performance monitoring of the system 
Monod's model was adopted to determine the biokinetic coefficients. The process to 
determine the bio-kinetic parameters according to Monod's model requires operating 
five different OLR of extended aeration detention times; SRT (20-40 days) and HRT 
(20-30 hours), and operational AER-C MLSS (5,000 mg/L). In this phase, MLSS 
concentration of 5,000 mg/L was chosen and fixed for the operation. IRQ to be operated 
in this phase was based on optimum IR ratio obtained from phase II-D. 
In phase III, details of five consecutive activities operated include the following; 
i. Phase III-A was operated between day 164-185 with Q of 100 Lid, ANX-C and 
AER-C HRT of0.4 days and 1.25 days, respectively, i-SGBR an AD-C SRT were 
40 days and 10 days, respectively. 
ii. Phase III-B was operated between day 187-208, with Q of 110 Lid, ANX-C 
and AER-C HRT of0.36 day and 1.14 days, respectively, i-SGBR an AD-C SRT 
were 35 days and 10 days, respectively. 
iii. Phase III-C was operated between day 211-232, with Q of 120 Lid, ANX-C and 
AER-C HRT of0.33 day and 1.04 days, respectively, i-SGBR an AD-C SRT were 
30 days and 10 days, respectively. 
iv. Phase III-D was operated between day 234-255 with Q of 135 Lid, ANX-C and 
AER-C HRT of0.30 day and 0.96 days, respectively. i-SGBRand AD-C SRTwere 
25 days and 1 0 days, respectively, and 
v. Phase III-E was operated between day 257-278 with Q of 150 Lid, ANX-C and 
AER-C HRT of0.27 day and 0.83 days, respectively. i-SGBR and AD-C SRT were 
20 days and 10 days, respectively. 
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Parameters and conditions for the experimental scheme in the phase III operation 
drawn for this Section is as provided according to items in Table 3.4. 
Table 3.4: Experimental scheme and i-SGBR operational conditions in phase III 
1~h~§~" -'•·-~· -~~ •-~ ~--·- -~• ··-·-o.c~·• -· - --~"""'-'- " III _.,,__,_..,_,.,.,c-c•-<,,•-•""""\•~•·•-
Experimental stage III-A III-B III-C III-D III-E 
Experimental period (days) 164-185 187-208 211-232 234-255 257-278 
Flow rate, QINF, (Lid) 100 110 120 135 150 
Hydraulic retention time 2.65 2.41 2.20 2.00 1.77 
8Total, HR T (days) 
Organic loading rate, OLRAER- OLRAER- OLRAER- OLRAER- OLRAER-
(OLR); AER-G, (kg 3 4 5 6 7 
COD/m3. d) 
Anoxic detention time, 0.40 0.36 0.33 0.30 0.27 
8ANX-C, (days) 
Aeration detention time, 1.25 1.14 1.04 0.96 0.83 
8AER-C, (days) 
Aerobic digester detention 24 hrs 
time; 8AD-c, (days) 
Clarifier detention time, 1.00 0.91 0.83 0.74 0.67 
8cLAR, (days) 
Solids retention time 8c, 40 35 30 25 20 
SR Ti-SGBR (days) 
Solids retention time 8c, 10 
SRTAo-c (days) 
· Internal reeyele ratio, IR 6 
Internal recycle flow, QINF 600 660 720 810 900 
*IR, (Lid) 
MLSS in AER-C, mg/L 5000 
RAS ratio, Ri = [X/(Xr-X)] R3 R4 Rs R6 R1 
Total RAS flow (RTotai) = R4 *100 Rs*llO R6*120 R7*135 Rs*150 
(Ri) * QINF, (L/d) 
Steady state data during each loading was generated to determine the biokinetics 
coefficients. In this phase, removal performance based on HRT was also evaluated for 
COD, BODs, TSS, ammonia-nitrogen, nitrate-nitrogen, TKN, and TN. 
Wastewater used in phase III operation was diluted, where average value and 
standard deviation of 1,019±8.8 mg/ was obtained as the influent COD of the 
wastewater. This was to ensure regular organic loading into i-SGBR system during 
biokinetic study. Initial COD of sample was always determined and dilution was done 
according to Equation 3.8 as follows: 
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(3.8) 
Where, C1 (mg/L) is concentration of the raw wastewater prior to dilution, V1 (L) is 
volume for dilution (unknown), C2 is the target concentration of 1,000 mg/L, and V2 is 
the working volume, which ranges between 100-150 L. Wastewater reserve above 
100 L was constantly kept as back up in cold room, should subsequent influent 
concentration were to be below-required concentration. Reserves are stored for 
2 days at 4 OC before being disposed and replaced. 
Various suspended growth process models have appeared in the wastewater 
treatment literature [297-299]. Common parameters such as BODs, COD, and NH4+-N 
were used as a substrate for the determination of the biokinetic coefficients, on the 
assumption that the removal was exclusively due to aerobic biodegradation [300]. 
In a continuous culture systems, the growth of bacteria cells and effect of limiting 
substrate or nutrient normally can be expressed according to Equation 3.9 and Equation 
3.10, respectively [301] as follows: 
s 




Where in Equation 3.8, rg is the bacterial growth (mg/L. d), Jl is the specific growth 
rate (d-1), and X is the biomass concentration (mg/L). In Equation 3.9 Jlmax is the 
maximum specific growth rate ( d-1), Sis the concentration of growth limiting substrate 
(mg/L), Ks is the saturation constant which is equivalent to 0.5 Jlmax (mgiL), and Jl is 
the specific growth rate, (d-1). 
The model was developed based on the following assumptions; 
J. bioreactor is completely mixed with aerators installed at the bottom of its 
tank. 
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u. influent substrate concentration remains constant. 
iii. no microbial solids are contained in the influent substrate. 
IV. the volume of the bioreactor is constant. 
v. complete rejection ofMLSS (no biomass allowed in the effluent). 
vt. the substrate is not rejected, and a steady state exists throughout the system. 
Equation 3.11 and Equation 3.12 are the linear relationships between biomass and 
substrate, respectively. The data during each steady state phase was reported as average 
and standard deviation to evaluate bio-kinetic co-efficients [84, 268, 280, 302]. 
(3.11) 
2:.. = ..E!._ = (s)(~) + 2:.. 
U So-S k S K 
(3.12) 
The linear regression plots were used to determine bio kinetic coefficients using 
Microsoft excel 2013. In Equation 3.11 and Equation 3.12, 8c is the solids retention 
time (d), Y is biomass yield coefficient (mg VSS/mg sCOD), U is substrate utilization 
rate, (mg sCOD/mg VSS. d), Kd is endogenous decay coefficient (d-1), 50 is the influent 
substrate concentration (mg sCOD/L), S is effluent substrate concentration (mg 
sCOD/L), X is biomass concentration (mg VSS/L), e is hydraulic retention time 
(hours), Ks is substrate concentration at half the maximum growth rate (mg sCOD/L), 
and k is maximum rate of substrate utilization (mg sCOD/mg VSS d). 
In Equation 3.11, plot of 1 j 8 c vs. U will yield Y and Kd as slope and intercept, 
respectively. Whereas, plot of 1/Uvs. liS in Equation 3.12, yields Ks/k and k as slope 
and intercept, respectively. k5 is estimated with k as a known value. This equation can 
be applied in case of system with recycle or non-recycle of biomass [303, 304]. 
The maximum specific growth rate, flmax (d-1), was also determined by 
multiplying coefficients k and Y according to Equation 3.13. 
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flmax = kY (3.13) 
3.5 Analytical procedure and sampling 
The analytical methods, procedures and laboratory equipment used in this research are 
detailed here. The analysis was done in accordance with the procedure in the standard 
methods for the examination of water and wastewater, 21st edition [305]. The in situ 
analysis were carried at pilot study site, while major analysis at environmental 
laboratory of the Universiti Teknologi PETRONAS. Once the samples were obtained 
from the bioreactor, they were preserved and analysed in the laboratory. Samples were 
centrifuged immediately at 1,000 rpm for 10 minutes to halt biological activity. 
Nonetheless, all samples collected were analyzed the same day. 
The samples analyzed include physio-chemical parameters such as the COD, BODs, 
ammonia-nitrogen, nitrate-nitrogen, total phosphorus, color, TSS, TKN, MLSS and 
ML VSS were carried at the laboratory of the University Teknologi PETRONAS, while 
parameters like DO, temperature and pH were measured in situ at the pilot study site. 
However, necessary precautions of preserving the sample prior to analysis were always 
observed. This includes sealing the cap bottled samples in a polyethene bag and storing 
in a cooler. The pilot study site to Univeristi Teknologi PETRONAS laboratory is 
15 km. The microbiological parameters practiced for the activated sludge include 
heterotrophic plate count (HPC) as a measure for testing of bacterial population, and 
detection of protozoa and metazoa as microfauna were carried out based on random 
testing from grab samples in the aeration chamber. 
The summary of the specific tests and sampling points is as demonstrated in 
Table 3.5. Total COD was measured at five sampling points; influent, E-ANX-C 
(corresponding to influent AER-C), E-AER-C (corresponding to IR), EAD, lAD 
(influent aerobic digester chamber) (corresponding to RAS), and E-CLR. The BODs, 
total phosphorus, ammonia-nitrogen, total nitrogen, TSS, and TKN were measured 
from the influent and effluent samples only. The samples for HPC and microfauna were 
done for samples in the aeration chamber. The nitrate was measured from five sampling 
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points, which include; influent, E-ANX-C, E-AER-C, EAD, and E-CLR. Samples for 
MLSS and ML VSS were obtained from the bio-reaction chambers in ANX-C, AER-C, 
AD-C, and CLR. 
Table 3.5: Specific tests for each sampling point 
u u 
1=1 ~ ~ 0 0 i;)j)O ""'"" ~ ~ ~ .s ·~ 
Parameter Method ..... u Bio-reactor Sampling ~ 0 
E-<....:l locations points 
1). COD Colorimetric UTP X X X X X 
2). sCOD 
Colorimetric UTP 
X X X 
X 
Membrane electrode, UTP 
3). BODs 5 days incubation at X X 
20 oc 
4). Total Phosphorus Colorimetric UTP X X 
5). Total Nitrogen Persulphate digestion UTP X X 
6). Ammania-N Nessler method UTP X X 
7). Nitrate ~admium reduction UTP X X X X 
8). Nitrite IOiazotization LR UTP X 
9). TKN Simplified TKN UTP X X 
1 0). MLSS/ ML VSS Gravimetric UTP X X X 
11). TSS ptaViflietric UTP X X 
12). pH & !Electrode Site X X X X 
Temperature 
13). DO X X X 
14). HPC 
pM Petrifilm Aqua UTP 
X 
Plate Testing Process 
15). Microbial Counting under UTP 
X 
observations microscope 
Notes: I= Influent, ANX =Pre-anoxic, AER =Aeration, lAD= Influent Aerobic 
digester, EAD = Effluent Aerobic digester, E =Effluent Clarifier, BODs =Five days 
biochemical oxygen demand, COD Chemical oxygen demand, 
pH = Potential of hydrogen, ML VSS = Mixed liquor volatile suspended solids, 
MLSS = Mixed liquor suspended solids, DO = Dissolved oxygen. Units in mg/L, 
except pH, and temperature in OC, HPC =Heterotrophic plate count 
Relevant reagents, consumables and some equipments including spectrophotometer 
DR 3900 series (BACH brand) were purchased from ARACHEM (M) Sdn. Bhd. 
(127181-D) Kuala Lumpur, Avantis laboratories Sdn. Bhd, lpoh, and Era Bumi Sains 
Sdn. Bhd. ( 1054116-P) Selengor, Malaysia. 
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These samples were collected to evaluate removal efficiencies and to determine 
performance of nitrification, denitrification, specific nitrification and denitrification 
rates, and determination of the bio-kinetic co-efficient, which was carried out from 
soluble COD and ML VSS samples. Sampling was performed three times per week, 
where each sample was collected and analyzed in triplicates. The operation and control 
parameters such as DO, temperature and pH were checked daily. Illustration of the site 
sampling from bioreactor is as shown in Figure 3.9a. During this study, batch samples 
for the continuous flow i-SGBR system were obtained from the designated ports, 








These points consist of influent (A), E-ANX-C (B), E-AER-C (C) (corresponding to 
IR), EAD (D), lAD (E) (corresponding to RAS), and E-CLR (F), respectively. 
Colorimetric tests were used to determine COD, Total nitrogen, Ammonia-nitrogen, 
Total Kjeldahl nitrogen (TKN), Nitrate-nitrogen, and Total phosphorus. These tests 
were performed using spectrophotometer HACH DR 3900 and· digestion vessel 
DRB200 (Figure 3.1 0), vial racks, 10/20 mL cuvettes, micro fiber glass filter paper to 
determine the soluble samples, and specific reagents for individual tests explained in 
the analytical procedure. 
Figure 3.10: DR 3900 spectrophotometer and DRB 200 digestion block 
3.5.1 Measurement of Chemical oxygen demand (COD) 
The Chemical Oxygen Demand (COD) (mg/L) is defined as the amount of a quantified 
oxidant that reacts with the sample in a regulated condition. The quantity of oxidant 
consumed is expressed in terms of its oxygen equivalent. Because of its unique 
chemical properties, dichromate ion (Cnol-) is normally the particular oxidant used. 
The procedure starts with a 100 mL of sample was homogenized for 30 seconds in 
a blender. The DRB200 Reactor need to be turned on and preheat was set to 150 °C. 
The caps were removed from two COD Digestion Reagent Vials. A clean volumetric 
pipet was used to add 2 mL of sample to the vial. Another clean volumetric pipet was 
used to add 2 mL of distilled water to the vial for the blank sample. Cap of the vials 
were closed tightly and the vials were shaken vigorously. The sample vials become very 
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hot during mixing. The vials were heated for two hours using the DRB200 reactor. The 
vials were placed into a rack and cool to room temperature. The vials were wiped with 
a damp towel followed by a dry one. The blank vial sample was put into the 
spectrophotometer in order to set it to zero. Then the sample vial was put into 
spectrophotometer to record the COD reading in mg/L. 
To obtain the COD for the soluble COD (sCOD), the samples were first filtered with 
Whatman cellulose nitrate membrane filters (0.45 !Jm, 0 47 mm), and above steps 
repeated. Finally, all COD readings were recorded. 
3.5.2 Measurement of Biochemical oxygen demand (BODs), pH, Temperature 
and Dissolved oxygen 
The Biochemical Oxygen Demand (BOD) (mg/L) is a measure of the quantity of the 
oxygen consumed by bacteria when stabilizing degradable organic matter under aerobic 
conditions according to Equation 3.14: 
Bacteria 
Organic matter +DO C02 +Biological growth (3.14) 
The BOD samples were analyzed at a temperature of20 OC and 5 days of incubation 
stated in method 5210-B, Standard Methods for the Examination of Water and 
Wastewater [305]. 19 L of aerated water was prepared one day before the experiment 
was conducted, by using a diffuser that was placed inside the water container to supply 
oxygen at 2.0 mg/L. After the aerated water was prepared, BOD buffer nutrient was 
poured into the 19 L of aerated water and waited for 30 minutes reaction time. The 
blank sample was prepared by pouring aerated water into a 300 mL BOD bottle until it 
reaches the neck. The dilution made follows Table 3.6, conversely, specific amount of 
wastewater sample was taken and poured inside the BOD bottle and filled up with 
aerated water until it reaches its neck. Blank sample was measured with DO meter and 
the reading was recorded. The BOD bottle was closed with cap and aluminum foil in 
.an air tight manner. The BOD bottles were kept inside the BOD incubator, where the 
temperature was set at 20 °C, and stored for 5 days. 
77 
Table 3.6: Dilution range by direct pipetting into 300-mL bottles [84] 
Volume of sample (mL) Range ofBOD, mg/L 
Maximum Minimum 
1.0 600 2,100 
2.0 300 1,050 
5.0 120 420 
10 60 210 
20 30 105 
50 12 42 
100 6 21 
300 0 7 
After 5 days, the BOD bottles were measured by using DO meter and readings recorded. 
The initial and final DO of the diluted sample should not be less than 2.0 mg/L, final 
DO should not be less than 1 mg/L, the blank was only distilled water with no 
microorganisms, the difference in initial and final DO for blank sample should not 
exceed 0.2 mg/L, the blank correction must be applied for each prepared sample, and 
finally the final DO reading must be recorded at room temperature. The BODs was 
evaluated based on Equation 3.15. 
(DOi - DOt )sample - (DOi -DOt )Blank x F 
BOD5 = p (3.15) 
Where, DOi and D01 are the initial and final dissolved oxygen concemtrations of 
the diluted and blank samples, respectively. P = decimal volumetric fraction of 
sample used (volume of sample used in 300mL I 300 rnL), and F is the BOD factor 
(300 mL - dilution volume )/300 rnL. 
The temperature was not controlled, however, the temperature in the AER-C was 
monitored daily through out the duration of the experiments. Values of pH were 
measured using a pH meter. Addition of sodium bicarbonate was ensured to keep buffer 
for maintaining pH close to neutral. pH and temperature of the samples were measured 
immediately using potable meters, HACH pH Sensor +, PH3 and probe. 
Dissolved oxygen is required for the respiration of aerobic microcorganisms. The 
minimum DO concentration of 1 to 2 mg/L in the aerobic systems was maintained to 
prevent anaerobic/anoxic conditions to exist in the i-SGBR system. Portable DO probe, 
model YSI 550 A was used for measurement of DO in both AER-C and AD-C. 
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The BODs was determined by membrane electrode method, using Yell ow Spring 
Instrument (YSI) DO meter YSI 5100. These equipment are labeled in Figure 3.11 as 
pH and BOD meters, BOD incubator, and portable DO meter. 
Figure 3.11: pH & BOD meter, incubator, and DO meter 
3.5.3 Measurement of Total nitrogen 
The Total nitrogen (TN) (mg/L) was analyzed by Persulfate Digestion Method 10072. 
The measurement range was 2 to 150 mg/L N (HR). The process commenced with 
starting the DRB200 Reactor and setting the temperature to 105 °C. A funnel was used 
to add the contents of one Total Nitrogen Persulfate Reagent Powder Pillow to each of 
two HR Total Nitrogen Hydroxide Digestion Reagent vials and cleaned. Then 0.5 mL 
of sample was added to one of the vials. Another 0.5 mL of deionized water was added 
to the second vial as blank. The caps on both vials were closed and shook vigorously 
for 30 seconds to mix. The undissolved powder will not affect the accuracy of the test. 
The vials were placed in a reactor to digest for exactly 30 minutes. The vials were 
removed and allowed to cool at room temperature for 30 minutes. The contents of one 
Total Nitrogen (TN) Reagent A Powder Pillow was added to each vial. The caps on 
both vials were placed tight and shook for 30 seconds. The instrument timer was started, 
and 3 -minutes reaction time started. After the timer expires, the caps from the vials 
were removed. Then one TN Reagent B Powder Pillow to each vial was added, and the 
caps on both vials were put and shook vigorously for 15 seconds to mix. The reagent 
will not dissolve completely. Undissolved powder will not affect accuracy of the test. 
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The solution will start transforming to yellow. The instrument timer was started, and 
2 minutes reaction time starts. When the timer expires, a pipet was used to put 2 mL of 
the digested, treated prepared sample into one TN Reagent C vial, followed by 2 mL of 
the digested, treated blank into the second TN Reagent C vial. The caps on both vials 
were put and inverted 10 times to mix. Slow, deliberation inversions for complete 
recovery were ensured. The vials will be warm to the touch. The instrument timer was 
started and 5 -minutes reaction time starts. The yellow color will intensify. When the 
timer expires, the blank vial was cleaned. Then blank vial was inserted into the 16 -mm 
cell holder and zero was pressed (display shows 0 mg/L N). Sample vial was cleaned 
and placed inside the 16-mm cell holder and the final reading obtained in mg/L N. 
3.5.4 Measurement of Ammonia - nitrogen 
The USEPA Nessler Method (Method 8038) was used to determine the ammonia 
nitrogen (mg/L). The spectrophotometer has detection range between 0.02 to 2.50 mg/L 
NH3+-N. Sample and blank were prepared by filling 25 mL of sample and deionized 
water into separate mixing cylinder. 
Three drops of Mineral Stabilizer was then added to both mixing cylinders and mixed 
thoroughly. The Mineral Stabilizer serves to break the complex hardness in the sample. 
Then, three drops of Polyvinyl Alcohol Dispersing Agent was added to each cylinder 
(to aid in the color formation for the reaction). this is followed by dropping 1.0 mL 
of Nessler Reagent to both sample, and blank. The cylinders were inverted several 
times to ensure sufficient mixing. The mixture was allowed to react for one-minute. 
10 mL of the mixture of each solution were poured into sample cells. The blank 
sample was used to zero the spectrophotometer before the sample to determine the 
ammonia- nitrogen was measured. The readings were recorded. 
3.5.5 Measurement of Nitrate - nitrogen 
The nitrate nitrogen (mg/L) was determined using Cadmium reduction method (Method 
8039). The spectrophotometer has detection range between 0.3 to 30.0 mg/L NOJ-N 
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(HR). 10 mL ofthe sample was poured inside a sample. Then, the content ofNitraVer 
5 reagent was added using a mini funnel, shaken for one-minute, and allowed to react 
for five-minutes. An amber color developed if nitrate was present. The contents of 
nitrate can then be measured after the instrument was zero using the blank. The blank 
was prepared by filling the sample cell with 10mL of the sample. 
3.5.6 Measurement of Total kjeldahl nitrogen (TKN) 
The Total Kjeldahl Nitrogen (TKN) (mg/L) was analyzed using Simplified TKN 
(s-TKN) method 10242, TNTplus™ 880. The spectrophotometer measuring range was 
between (0 to 16 mg/L TKN. The procedure begins with powering on the DRB 200 
reactor, and setting it to the temperature of 100 °C. Then, add 1.3 mL of sample, 
1.3 mL of Solution A and 1 Reagent B tablet in quick succession to a dry 20-mm 
reaction tube. The reaction tube was closed immediately. The sample must not be 
inferred. The reaction tube was inserted in the preheated DRB200 reactor. The lid was 
closed and digested for 1 hour. The reaction tube was removed and allowed to cool at 
room temperature. 1 Micro Cap C is added to the reaction tube. The tube was well 
tightened, inverted to mix thoroughly. A pipette was used to add 0.5 mL of the digested 
sample from the 20-mm reaction tube into a test vial 1 (red label). Again, the pipette 
was used to add another 0.2 mL of Solution D to the test vial. The cap was quickly 
tightened on the vial and inverted until completely mixed. The next step was 
immediately continued, which was pipetting 1.0 mL of undigested sample to a test vial 
2 (green label). This was followed by pipetting and the addition of 0.2 mL of Solution 
D to the test vial. The cap was quickly tightened on the vial and inverted until 
completely mixed. The reaction time of 15 minutes was started. The vials were wiped 
when the timer expired. The test vial1 (red color) was inserted in the spectrophotometer 
3900 into the cell holder to zero, with a display showing El. The next step was to 
immediately insert test vial 2 (green label) into the cell holder and read. The results 
obtained will show in mg/L Total N, mg/L N03-N + N02-N and mg/L TKN. 
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3.5.7 Measurement of Total phosphorus 
Total Phosphorus (TP) (mg/L) was measured by PhosVer® 3 Acid Persulphate 
Digestion Method (Method 8190) by USEP A. The procedure was started by preheating 
DRB200 reactor to 150 °C. Then, 5 mL of sample is poured into TP Vial using micro 
pipette after filtnitiort. The contents of one potassium persulfate powder pillow are 
emptied inside the vial, using a mini funnel. The vial was capped tightly and shaken to 
dissolve the reagent. The vial is inserted inside the DRB200 to digest for 30 minutes. 
The vial was removed from the reactor and cooled to room temperature in the test 
tube rack, where 2 mL of 1.54 N sodium hydroxide standard solution is added inside 
the vial by using micro pipette. Through mixing was done for the solution by shaking, 
the vial is wiped and inserted in the Spectrophotometer to first zero the instrument. A 
mini funnel was used to add contents of Phos V er 3 powder pillow to the vial. 
The vial was tightly capped immediately and shaken to mix for 20-30 seconds. The 
powder will not dissolve entirely. Consequently, a timer was set for 2 minutes to allow 
for the reaction in the vial. Finally, after the timer expires, then the vial was inserted 
and reading recorded from the Spectrophotometer. 
3.5.8 Measurement of Total suspended solids, mixed liquor suspended solids and 
mixed liquor volatile suspended solids 
The TSS, MLSS, and ML VSS were determined by the gravimetric method. The 
suspended solids removal is considered to be essential when assessing the operational 
performance of wastewater treatment systems. Also, the concentration of biomass in 
the ANX-C, AER-C and CLR are represented by mixed liquor suspended solids 
(MLSS) and mixed liquor volatile suspended solids (ML VSS). 
Total and volatile suspended solids (mg/L) were determined following the reference 
method 2540D and 2540E, respectively [305]. The filter papers were prepared by 
letting a distilled water pass through to open the pores at least 24 hours prior to the test. 
To start the procedure, a known volume of wastewater (V) was filtered through a 
Whatman 934-AH 47 mm glass fiber filter, which is 0.45 ).liD pore size, and weighed 
as (WI). The filter paper with the MLSS was maintained at 105 oc for 1 hour in an oven, 
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and placed in a desiccator to cool down for 10 minutes, and weighed (W2). The MLSS 
concentration was calculated according to Equation 3.16. To determine the ML VSS, 
the MLSS was maintained at 550 °C for 15 minutes in an electric muffle furnace, and 
introduced to a desiccator to cool for 10 minutes, and weighed (W3). ML VSS was 
calculated according to Equation 3.17. 
rss (mg) = W2 (g)- W1 (g) 
L V (L) 
(3.16) 
(
mg) _ W2 (g)- W3 (g) 
VSS L - V (L) (3.17) 
The procedure to determine total suspended solids (TSS) (mg/L) in the influent and 
effluent is repeated same as the ML VSS process, except the paper to be used here was 
Whatman filter paper no. 1, 47 mm. 
Equipments in Figure 3.12 were used in the determination ofthe TSS, MLSS and 
ML VSS. These equipments in Figure 3.12a are; vacuum suction pump, desiccator, 
digital analytical balance (MAX 200G) and oven (103-105 oC), while in Figure 3.21b 
is the electric muffle furnace (ashing at 550 °C). The filter papers used comprise of 
Whatman filter paper 934 AH, 47 mm, cat 1827-047 for MLSS and MLVSS, and 
Whatman filter paper no. 1, 47mm, cat 1001047 for TSS. 
Figure 3.12: Desiccator, balance, vacuum pump, oven & muffle furnace 
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3.5.9 Measurement of Sludge volume index 
The SVI was measured in the AER-C. The RAS (Xr) concentration was determined 
and evaluated from both MLSS and SVI parameters [85, 91, 95], according to 
Equation 3.18 and Equation 3.19, respectively. The calculated Xr was validated with 
the laboratory gravimetric measurements for MLSS. 
SVI = SSV (7) X 1000 (mL) 
(mg) ' MLSS 1: · 9 
(3.18) 
(3.19) 
Where, parameters in Equation 3.18, SSV is the settled sludge volume, while other 
parameters have already been defined earlier in Section 2.6. 
3.5.10 Measurement of microbial heterotrophic plate count and determination of 
microfauna 
The measurement to ascertain the bacterial population were enumerated using 
heterotrophic plate count (HPC), and the population ofthe microfauna from the sludge 
sample was identified using an optical microscope equipped with computer monitor 
(Leica DM LB2, Japan). The samples were obtained from the aeration chamber. 
3.5.1 0.1 Measurement of heterotrophic plate count 
The Heterotrophic Plate Count (HPC), otherwise known as the aerobic plate count or 
standard plate count, is a procedure for estimating the number of live heterotrophic 
bacteria in wastewater samples. Heterotrophic bacteria were enumerated by HPC using 
3M petrifilm as nutrient medium. A difution series (1 0-3:_ 1 Oc6) of the samples were 
prepared by serial dilution, and a portion of 1 mL diluted sample of sludge was 
transfered to the prepared 3M petrifilm. 3M Petrifilm AC Plates are used for the 
enumeration of aerobic bacteria. The 3M™ Petrifilm™ Aerobic Count (AC) Plate is a 
ready-made culture medium system that contains Standard Methods nutrients, a cold-
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water-soluble gelling agent and an indicator that facilitates colony enumeration. After 
the incubation of 48 hours at 35 °C, a red indicator dye in the plate colors the colonies. 
All red colonies are counted on colony counter (Stuart SC6) regardless oftheir size or 
color intensity. The preferable counting range on a 3M Petrifilm AC Plate is between 
25-250 colonies. Measurements are recorded as colony forming units ( cfu!mL) and 
multiplied by the dilution factor. All media ingredients were purchased from Era Bumi 
Sains Sdn Bhd (1054116-P), Selangor, Malaysia. 
The equipment used for the colony counting (Stuart SC6) and bacteria incubator are 
illustrated in Figure 3.13 a and b, respectively. It is equipped with a digital counting 
tally and magnifier that makes counting convinient and easy from the colonies from on 
the incubated 3M petrifilm aerobic count plates. 
Figure 3.13: (a). Stuart SC6 counter with magnifier, and (b). Incubator 
3.5.10.2 Measurements for samples of mixed liquor for microscopic analysis 
To determine the microfauna from the mixed liquor, sludge samples were obtained 
in a two liter laboratory glass jar, which was reserved through constant aeration to 
homogenize the contents for the entire duration of the analyses. This practical conduct 
was in view to keep the initial characteristics of the sludge unaltered. Samples were 
analysed 30 minutes after collection. The counts of the microfauna in activated sludge 
sample were accomplished under an optical microscope on 400X magnification, using 
three replicates of 100 11L sub-samples taken at random with a 100 11L automatic micro 
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pipette. A sample of mixed liquor drop is deposited on a glass slide and carefully 
covered with a slip to avoid any mechanical stress on the microorganisms. The 
procedure has been outlined elsewhere [110, 280, 306]. The microscopic analysis to 
count protozoa and metazoa were performed consistently within 3 hours after sample 
collection. Five fields of view were counted in a vertical plane and the entire process 
was completed within 20 minutes. The optical microscope (Leica DM LB2, Japan) 
equipment and computer monitor used to process the images is presented in Figure 3.14. 
Figure 3.14: Leica DM LB2 microscope and computer 
3.6 Comvutations of other pel"formance and operational variables 
To compute the common variables for operation, Equations 3.20 through 3.32 in 
Table 3.7 were used to determine the common operational parameters and other useful 
performance indicators in the study. These parameters include the HRT, SRT, F/M 
ratio, OLR, nitrification and denitrification efficiencies, specific nitrification and 
denitrification rates, ammonia loading rates (ALR), and the removal efficiencies. The 
removal efficiencies include COD, BODs, TSS, total nitrogen, ammonia nitrogen, total 
Kjeldahl nitrogen and total phosphorus. 
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Parameter Equation Reference 
HRT ANX-C (h) VANX-C (3.20) [84] [262] 
Q1nf 
HRTAER-c(h) VAER-C (3.21) 
QJnf 
HRTrota! i-SGBR (h) ~ (3.22) 
Qant 
SRTr.sGBR(d) vx (3.23) --
XrQw 
FIM ratio (d-1) !._ = QSo '(3.24) [268] 
M vx 
Organic loading rate, OLR, (kg COD/m3 ·d)) OLR = QSo (3.25) [84] v 
Nitrification efficiency(%), 1'/N (1- NHa-NEtf) * 100 {3.26) [20, 120] 
NH3 -Nlnf 
Nitrates in ANX-C (mg/L), N03 ~ NANX-c (Qin*NOa-Nlnf)+(QJR*NOa-NAER-c)+(QRAs*NOa-NEff) (3.27) i 
QJn+QJR+QRAS 
Denitrification efficiency(%), 11D [(N0 3 -Nlnf ANX-C-N03-NE[f-ANX-C)]* 1 OO (3.28) 
NOa-Nlnf ANx-C 
Specific nitrification rate, rN, (mg.NH3-N/g. Qc(NH3 -Nint-NH3 -NEff) 1(3.29) 
VSS.d) VAER-c*VSSAER-C 
Specific denitrification rate, rD, (mg.N03-N/g. QJn(NOa-Ninf_ANX-c-NOa-NEff-ANX-c) (3.30) 
VSS.d) VANX-c*VSSANX~C 
Ammonia loading rate, ALR, (mg/L.d) Qln*NHa-Nlnf {3.31) 
VAER-·C 
Removal efficiency Eff' . Coi-Cof 100 (3.32) [307] tctency = . * 
Cot 
Coi = Initial concentratioh, mg/L, and Cot= Final concentration, mg/L 
~COD/~N03-N Ratio = (infl. COD- effl. COD)/infl. nitrate N- effl. nitrate N (3.33) [252] 
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3. 7 Statistical analysis 
Microsoft excel2013 was used to record and manage all the experimental data during 
the period of analysis. Numerous spread sheets were created for usage to handle both 
single and multiple parametric analysis. This was achieved through establishing the 
formulae equations to automatically obtain the outputs. 
3. 7.1 Descriptive statistics 
The descriptive statistics was explored to define basic features of the data in this 
research. The summaries about the sample, measures, graphics analysis were carried 
out to organize, and present the quantitative analysis of the data so that it can be readily 
understood. The important information to be extracted from a data set is the measure of 
central tendency and variability. 
Averages and standard deviations were used to express the variations in 
concentrations. The analysis was based on 95 % confidence interval. The assessments 
were carried out to compare the system performance, and effects of different parameters 
operated on i-SGBR pilot study; such as effects of varying internal recycle rate on 
denitrification efficiency, and effects ofHRT on treatment efficiencies on COD, TSS 
and ammonia removal. Hence, the data analysis was statistically supported to assess the 
parameter influence on the process performance in order to lay significant conclusions. 
The one-way analysis of variance (ANOVA) without replication was used to determine 
whether there were any significant differences between the means of two or more 
independent (unrelated) groups [308]. Then the one-way ANOVA analysis was 
followed up by the two sample t-test with unequal variance, as the statistical data 
analysis procedure for hypothesis testing. A value P<0.05 was used to define significant 
results [309, 310]. In the subsequent discussion of results, the significance of the 
statistical analysis is presented in brackets (i.e. p<0.05) whenever a statistical 
assessment was conducted to determine if a comparison was statistically significant. 
MATLAB 7.8.0 (R 2009a) was used to run the ANOVA tests and an ad-hoc test called 
multiple comparison to simultaneously test set of statistical inferences based on 
observed values. 
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In chapter 4, the time series plots and bar charts were used to present as well as 
interpret performance from trend of the measured concentrations for each of the 
parameters analyzed at steady state. The presentation of data was based on minimum, 
maximum and average values. The plot of these values was based on average values, 
while collectively the data for minimum, maximum and average values were 
summarized. Therefore, summary from the statistical analysis is contained within the 
results and discussion chapters, whereas raw data of the analysis are provided in 
individual Appendices. 
3.8 Quality control 
The long-standing definition of quality was "conformance to specification" [311]. The 
equipment pumps and sensors for i-SGBR were calibrated earlier before the start-up 
and operation. The diaphragm pumps were maintained every month through flushing 
and backwashing according to manufacturer's requirement manual. 
Samples were well preserved in a clean glass container ahead of each analysis to be 
carried out. These samples were analyzed in triplicates to ensure non-bias of results. To 
avoid human related error, each sample was properly and carefully labeled. To further 
comform with quality criteria, some samples were randomly analyzed using different 
equipments within the laboratory, and results compared for its consistency. 
Measured parameters such as COD, BODs, ammonia-nitrogen, nitrate-nitrogen, 
TKN, TN, MLSS, ML VSS and TSS were analysed in triplicate to ensure consistency 
of data, and was subjected to statistical validation such as averages and standard 
deviations. Other tools for performance measurement such as ANOV A and multiple 
comparison using MATLAB 7.8.0 (R 2009a) were used for validation of data. 
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4.1 Chapter overview 
CHAPTER4 
RESULTS AND DISCUSSION 
This chapter presents the results obtained from the study followed by discussion. The 
results are reported for the three phases according to the experimental design outlined. 
The phases are categorized as follows: 
1. Phase I: Results for design and fabrication of i-SGBR are presented and 
discussed here, where volumes of the anoxic, aeration, aerobic digester and 
clarifier chambers were determined. 
n. Phase II: In this phase, results are presented for the operation and control 
parameters such as MLSS, ML VSS, SVI, pH, temperature, DO and F 1M ratio 
and SRT. Start up and operation to evaluate the effect of HRT and IR on 
i-SGBR treatment performance with simultaneous aerobic digestion. Q of 
45, 70 and 100 Lid were used and IR ratios of 6 and 3 were operated. Results 
for the performance ofthe i-SGBR system is also presented for the removal of 
the organic matter (COD, sCOD, and BODs), nitrogen (ammonia-nitrogen, 
nitrate-nitrogen, TKN, and TN), total phosphorus, and TSS. Sludge 
degradation was evaluated based on MLSS and ML VSS reduction in the 
AD-C system. 
iii. Phase III: In this phase, results are presented and discussed for the operation 
and control parameters such as MLSS, ML VSS, SVI, pH, temperature, DO and 
FIM ratio and SRT, as well as the results for system performance regarding 
removal ofthe organic matter (COD, sCOD, and BODs), nitrogen (ammonia-
nitrogen, nitrate-nitrogen, TKN and TN), total phosphorus, and TSS. Sludge 
degradation was evaluated based on MLSS and ML VSS reduction in AD-C 
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system. Results for evaluation of bio-kinetic parameters for carbon oxidation 
and operation of simultaneous aerobic digestion was discussed. 
4.2 Results for wastewater characteristics of the study 
Parameters such as COD, sCOD, BODs, TSS,. TP, ammonia-nitrogen, nitrate-nitrogen, . . 
total nitrogen, TKN, and pH were measured in the effluent released into the balance 
tank of the WWTP. This wastewater was used as influent to operate i-SGBR 
system. The characteristics of the influent wastewater used for this study is shown in 
Table 4.1. 
Table 4.1: Characteristics of influent wastewater 
Parameter Max. Min. Mean±SD 
COD(mg/L) 1593 715 1223±234 
COD (diluted sample) (mg/L) 1096 952 1019±28.8 
sCOD 591 297 454±62.4 
BODs (mg/L) 851 760 794±68 
TSS (mg/L) 788 360 . 614±107 
TP (mg/L) 60.8 31.8 51.1±5.7 
Ammonia-nitrogen (mg/L) 57.0 48.2 52.6±2.2 
Nitrate-nitrogen (mg/L) 0.6 0.1 0.4±0.2 
Total-nitrogen (mg/L) 94.7 64.7 82.9±6.6 
TKN(mg/L) 94.5 64.0 82.5±6.7 
pH 4.2 6.8 5.89±0.61 
Influent COD ranges between 715 to 1593 mg/L, TN ranges between 64.7 to 94.7 
mg/L, and the total phosphorus ranges between 31.8 to 60.8 mg/L. The corresponding 
average and standard deviation concentration were 1223±234 mg/L, 83±7 mg/L, and 
51±6 mg/L, respectively. Conversely, this gives an average ofC/N/P ratio of 100/7/4 
for the wastewater. To effectively accomplish biological treatment process, influent 
CINIP ratio for wastewater should normally be above 100/5/1, as corroborated from 
previous work according to Section 2.10. 
The approximate sCOD and BODs contributions were 36% and 65% of the COD, 
respectively. This corresponds to influent COD/BODs ratio of 1.54, which probably 
indicates eminent biodegradability nature of the wastewater, and could essentially be 
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high in organic its content. This ratio is possible for FBI [ 41]. The high variability in 
the influent COD concentration might be due to the nature and quantity of daily 
production. Destruction of reject products that did not pass QA requirements could lead 
to high or low pH, thereby serving as potential point source to increase effluent organic 
loading entering the WWTP. 
In this research, about 63 % of total nitrogen comes from ammonia-nitrogen. The 
high content of the organic-nitrogen might be due to the transportation in the sewer 
network and storage of the wastewater in the balance tank. Total nitrogen (TN) 
comprises both organic and inorganic; ammonium, nitrate and nitrite forms [82]. 
Nitrogen in wastewater originates from human fecal matter, and industrial waste 
particularly food processing waste. Influent nitrogen comprises of three main sources: 
approximately 60 % of ammonium; 40 % of organic nitrogen which consists of a 
complex mixture of organic compounds including amino acids, amino sugars, and 
proteins; the negligible amount of nitrate, normally less than 1 % [83]. 
The waste stream from the FBI production activities could be mainly due to residual 
ingredients from cleaning, which comprise extract of malted barley, solid milk, cocoa, 
sugar, butter oil, palm oil, soya oil, cocoa-nut oil, grinded coffee, minerals and vitamins 
(including sodium phosphate, magnesium carbonate, ascorbic acid and di calcium 
phosphate). The source of the wastewater was from the cleaning operations, where 
alkali (NaOH, 30-60 %) and acids (phosphoric acid< 30%, vortex, acetic acid <E--24 %) 
were used. The wastewater from the toilets (urine and faeces), and organic food waste 
make up the wastewater. 
4.3 Phase I results for design and fabrication of i-SGBR bioreactor system 
The individual bioreactors constituting i-SGBR include ANX-C, AER-C, AD-C, and 
CLR. They were designed separately based on the input and ouput from each bioreactor. 
Then, integrated together as a single modular component. The rounded up dimension 
features for ANX-C, AER-C, AD-C, and CLR chambers; the height, diameter, area and 
volume are presented in Table 4.2. The working volumes for each chamber is specified 
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in liters (L). A portion of the chamber volumes was left as freeboard to accommodate 
the space required to avoid overflow due to mixing and aeration turbulences. 
Table 4.2: The design dimensions of integrated bioreactor system 
Chambers Height Diameter Net base Lateral Total area Working 
(mm) (mm) area surface area (mm2) volume 
(mm2) (mm2) (L) 
Influent 
1600 350 96,211 175,9292 1,855,503 
150 
storage 
ANX-C 820 250 49,087 644,026 693,114 40 
AER-C 435 655 287,868 1,539,145 1,827,013 125 
AD-C 455 800 165,699 2,038,658 2,204,357 75 
CLR 520 935 - 2,3'77,243 3,210,'727 100 
Bioreactor design calculations comprising ANX-C, AER-C, AD-C, and CLR are 
detailed in AppendixA1.1. Configuration ofi-SGBR system is illustrated in Figure 4.1. 
The ANX-C is the primary treatment chamber, with working volume and total 
effective area of 40 Land 693, 114 mm2, respectively. The dimensions are 900 mm as 
total height (820 working height) and diameter of 250 mm. The ANX-C consist of a 
slender column with ring baffles, which was constructed to enhance the sludge retention 
and avoid possible washout of biomass. 
Th~ AER-C h\:ls .c;t yolume ano tot.<:tl ~ff_e~tiye .are.a of 1;25 L ~nd l,827,0l3 ll11112, 
respectively. The dimensions are the total height of 800 mm (working height 435 mm) 
and diameter of 405 mm. The AD-C has a volume and total effective area of 75 L and 
2,204,357 mm2, respectively. The dimensions are the total height of800 mm (working 
height of 455 mm) and diameter of 145 mm. The CLR has a volume and total effective 
area of 100 Land 3,210,727 mm2, respec;tivdy, 
The integrated bioreactor units have segregated chamber compartments that can 
easily be assembled, inspected and maintained. ANX-C is fitted differently with a baffle 
to control detention time ofbiomass and washout. AER-C and AD-Care fixed together, 




Figure 4. I: The configuration of integrated bioreactor system 
The dimensions are total height 1000 mm (including the underflow bottom conical 
shape, 100 mm deep) and working height of 520 mm and diameter of 135 mm. 
Schematic diagram of i-SGBR used for the pilot study is illustrated in Figure 4.2. 
The fabrication of i-SGBR was done to include a feed tank with a capacity of 
150 L, control panel, air operated diaphragm pumps, ANX-C, AER-C, and AD-C, and 
CLR chambers. The fabrication and supply of i-SGBR system were made by Solution 
Engineering (SOLTEQ) Sdn. Bhd., Malaysia. Material for i-SGBR was made using 
5 mm thick stainless steel. The total effective volume of i-SGBR system is 340 L, and 
space footprint; 1300 mm height, 1060 mm width, and 1760 mm depth fitted with a 
frame to provide support. 
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Figure 4.2: The schematic diagram of i-SGBR process 
4.4 Phase II results for system operation and control parameters 
This section presents the results for operation and control parameters of i-SGBR 
system. This includes the actual parameters operated for MLSS, ML VSS, SVI, pH, DO, 
temperature, HRT, OLR, F/M, SRT, IRQ, and RAS flow. 
Operation in phase II was carried out between days 1-162 using three flow rates of 
45, 70 and 100 Lid. Simultaneous aerobic digestion was monitored in a separate 
chamber, where RAS was fed into it and daily comparison was made between digested 
mass and wasted mass. The overall goal was to achieve steady state operation for the 
phase. In phase II, four stages were operated which include phase II-A through 
phase II-D. 
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4.4.1 Phase II results for MLSS, MLVSS, and SVI 
This section presents the results monitored for MLSS, ML VSS, and SVI for phase II. 
ANX-C was monitored for MLSS and ML VSS to evaluate the parameters such as 
specific denitrification rates. AER-C was monitored for MLSS, ML VSS, and SVI to 
evaluate parameters for SRT control, F/M ratio, and sludge settling properties. CLR 
was monitored for MLSS and ML VSS to evaluate the RAS recharge to the AER-C, 
sludge wasting, and assessment of the mass balance between the mass of digested 
sludge in AD-C and mass of daily wasting from CLR underflow. RAS MLSS 
concentration was monitored from laboratory and validated with calculated values 
evaluated from AER-C MLSS and SVI according to Section 3.5.9. 
4.4.1.1 Phase llfor anoxic chamber MLSS and MLVSS concentration 
The changes in the biomass concentration for ANX-C at different OLR and HRT from 
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Figure 4.3: Anoxic chamber Mixed Liquor Suspended Solids and Mixed Liquor 
Volatile Suspended Solids Cone. vs Sampling Days 
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In phase 11-A, ANX-C was operated with OLR having average and standard 
deviation values of 1.34±0.68 kg COD/m3 .d. Corresponding ANX-C HRT was 
21.0 hours. The profile of the ANX-C OLR throughout phase II-A to phase 11-D is 
shown is Figure 4.4. 
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Figure 4.4: Organic Loading Rate for Anoxic chamber vs Sampling Days 
ANX -C chamber was the first reaction chamber to receive the influent substrate, 
biomass concentration from RAS and IR. At the start up, RAS ratio was set at 0.8 
corresponding to RAS flow of 35 Lid and IR ratio for 3 corresponding to IR flow of 
135 Lid. Operation in phase II-A was done to build up the biomass and stabilize the 
system. Thus, the biomass used for the inoculation needs time to acclimatize to the new 
environment. Refer to Figure 4.3. Hence, operation between day 1 to day 50 was to 
ensure the system was steady prior to subsequent operations. It was observed that the 
reactor had low biomass concentrations in ANX-C in the beginning. Biomass was 
observed to gradually build up in the reactor system and accumulate without wasting, 
where on day 26, MLSS and ML VSS concentrations in ANX-C were found to be 
3026 mg/L and 2526 mg/L. On day 33, IR ratio was increased from 6 to 3, and IR flow 
of 270 Lid was operated. It could be observed from Figure 4.3 that there was a rise in 
ANX-C MLSS and ML VSS concentration up to day 33. From day 43 to day 50, steady 
state in ANX-C MLSS and MLVSS concentration were observed. At the steady state, 
average and standard deviation values for ANX-C MLSS and ML VSS were found to 
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be 3449±54 mg/L and 2672±93, respectively. This gives ANX-C ML VSS/MLSS ratio 
of 0.77. The observed increase in biomass concentration in ANX-C could be due to 
increase in the IR flow from 135 Lid to 270 Lid, where more biomass was supplied 
before it was washed off and eventually stabilizes. 
In phase II-B operation, OLR for ANX-C was the same operated as phase II-A 
operation. RAS flow of 35 Lid and IR flow of 270 were maintained as the latest from 
the previous phase II-A operation. Aerobic digestion monitoring started on day 50, 
however, there was significant visible effect in the ANX-C solids trend observed, which 
might be due to the operation of an aerobic digester on day 54, where ANX-C MLSS 
and ML VSS peaks to concentrations of 3697 mg/L and 3227 mg/L, respectively. For 
the subsequent days for phase II-B operation, ANX-C MLSS and ML VSS 
concentrations remained relatively stable from day 61 to day 87, where average and 
standard deviation values were obtained as 3454±68 mg/L. 
In phase II-C, OLR for the operation was increased for ANX-C OLR from 
1.34±0.68 kg COD/m3.d to 2.26±0.46 kg COD/m3.d, and decrease in HRT from 
21 hours to 13.7 hours from phase II-B, where there was obvious increase in ANX-C 
MLSS and ML VSS concentration observed on day 89 as 4277 mg/L and 3743 mg/L, 
respectively, and gradually stabilizes on day 101 to 3665 mg/L and 2919 mg/L, 
respectively. The rise could be due to increase in the ANX-C OLR and decrease in HRT 
from phase II-B. Two IR flow regimes of 420 Lid and 210 Lid were operated, with IR 
flow of 420 Lid between day 89 to day 110, and IR flow of 210 Lid between 
days 113 to 131. However, no noticeable effect could be observed in distortion for the 
trend of biomass concentration for the ANX-C MLSS after the steady state from day 
101. The average and standard deviations values for ANX-C MLSS and MLVSS at 
steady state were observed to be 3691±73 mg/L and 3061±103 mg/L, respectively. This 
gives corresponding ANX-C ML VSS/MLSS ratio of 0.82. 
In phase 11-D, the operation was carried out with further increase of ANX-C OLR, 
which implies reduced HRT from phase II-C. Average and standard deviation OLR 
values for the ANX-C was 3.05±0.52 kg COD/m3.d. ANX-C HRT operated for 
phase-li-D was of9.6 hours. It could be seen from Figure 4.3 that, there was a surge 
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observed in ANX-C MLSS and ML VSS concentration values on day 134 to 5,427 and 
4,744 mg/L when ANX-C OLR was increased on day 131. Thus, ANX-C MLSS and 
ML VSS stabilized on day 143 as can be seen from Figure 4.3 to MLSS and ML VSS 
concentration with values of 4,863 and 4,393 mg/L, respectively. Steady state was 
observed between day 143 to day 162, where ANX -C MLSS and ML VSS concentration 
were 4,918±92 and 4,322±93 mg/L, respectively. This gives ANX-C ML VSSIML VSS 
ratio of0.89. 
4.4.1.2 Phase Ilresultsforaeration chamber MLSS, MLVSS, and SV!profile 
Changes in biomass trend for AER-C MLSS and ML VSS is shown in Figure 4.5, the 
profile for ANX-C OLR throughout phase II-A to phase II-D is shown is Figure 4.6, 
and profile for SVI monitored in the AER-C is shown in Figure 4.7. 
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Figure 4.5: Aeration chamber Mixed Liquor Suspended Solids and Mixed Liquor 
Volatile Suspended Solids Cone. vs Sampling Days 
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Figure 4.7: Sludge Volume Index profile vs Sampling Days 
In phase II-A, AER-C was operated with OLR having average and standard 
deviation values of0.21±0.03 kg COD/m3.d, which corresponds to AER-C HRT value 
of 66.7 hours. This is shown in Figure 4.6. The operation between day 1 to day 50 was 
to stabilize the system for subsequent operations. Biomass was observed to gradually 
build up, where the AER-C MLSS and ML VSS concentrations accumulated without 
wasting to the value of 3020 mg/L and 2603 mg/L on day 29 as shown in Figure 4.5. 
Sludge settling between the start-up period to day 24 was observed to be poor, where 
the value of222 mL/g was observed on day 24 as shown in Figure 4.7. SVI improved 
on day 29 with the observed value of 165 mL/g. On day 33, IR ratio of 3 (IR flow of 
135 Lid) was operated. For AER-C steady state was observed between day 43 to day 
50 with AER-C MLSS and ML VSS concentrations found to be 3113± 102 mg/L and 
2711± 103 mg/L, respectively. This gives AER-C ML VSS/MLSS ratio value of 0.87. 
There was no observed increase in biomass concentration in AER-C on day 33 to day, 
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contrary to the observed rise in the ANX-C MLSS and ML VSS concentrations, which 
could be due to increase in the IR flow from 135 to 270 Lid, in which more biomass 
was supplied before it was washed off and eventually stabilizes. Instead, the AER-C 
MLSS and ML VSS concentration were observed to slightly declined to AER-C MLSS 
and ML VSS values of 2,963 and 2,533 mg/L, respectively. This may be due to a 
temporary sludge withdrawal from the AER-C. Adequate DO supply with sufficient 
mixing could influence better SVI values observed between day 33 to day 50 as average 
and standard deviation 157±6.6 mL/g were observed. Biomass wasting was carried out 
between day 33 to day 50, with average and standard deviation values for the wasting 
recorded as 1.54±0.05 Lid. Biomass wasting was done to release probable accumulation 
of inorganic and inert matter. 
In phase 11-B operation, OLR was increased and HRT was decreased for AER-C. 
The equivalent OLR for AER-C were the same operated during previous phase 11-A. 
RAS flow of 35 Lid and IR flow of 270 Lid were maintained in this phase. Aerobic 
digestion monitoring started on day 50. Although, on day 54, it could be observed from 
Figure 4.5 that there were more solids as AER-C MLSS concentration of3580 mg/L as 
compared with day 52, where observed AER-C MLSS concentration of301 0 mg/L was 
obtained. On day 66, AER-C MLSS gradually recedes to AER-C MLSS value of 
2923 mg/L. Between day 66 to day 87, steady state was observed for AER-C with 
average and standard deviation values of AER-C MLSS and ML VSS concentration of 
3,191±143 and 2,770±151 mg/L, respectively. This gives AER-C MLVSS/MLSS ratio 
value of 0.87. SVI for the whole of phase 11-B as shown in Figure 4.7 was observed to 
be steady with average and standard deviation values of 148±5.4 mL/g. 
In phase 11-C, AER-C OLR for the operation was increased from 
1.34±0.68 kg COD/m3 .d to 2.26±0.46 kg COD/m3 .d as shown in Figure 4.6, where there 
was an observable increase in AER-C MLSS and ML VSS concentrations observed on 
day 89 to the concentration of3,670 and 3,127 mg/L. These values gradually stabilize 
on day 103 to AER-C ML VSS and MLSS average and standard deviation concentration 
values of 3,550 .and 2,_843 mg/L, respectively. This rise _could be du_e to increase in the 
OLR and decrease in HRT from 21 hours to 13.7 hours from phase 11-B. In spite of two 
IR ratio regimes of 420 and 210 Lid operated between days 89 to 110, and between 
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days 113 to 131, there was no noticeable effect observed in the trend of biomass 
concentration for the AER-C MLSS and ML VSS from day 103 onwards to day 162 
when steady state was operated. The average and standard deviations values for 
AER-C MLSS and ML VSS at steady state were observed to be 3,479±136 and 
2,958±135 mg/L. This gives ML VSSIMLSS ratio of0.85. It was also observed that SVI 
was stable in phase II-C as shown in Figure 4.7, with further decrease in the SVI value 
from phase II-B to average and standard deviation vafues of 132±4.7 mL/g. 
The operation in phase II-D was done with an additional increase in AER-C OLR, 
which suggests reduced HRT from phase II-C (refer to Figure 4.6). Average and 
standard deviation AER-C OLR values were 0.50±0.06 kg COD/m3.d. This is 
equivalent to AER-C HRT of 30 hours. A rise in AER-C MLSS and ML VSS values on 
day 134 can be observed according to Figure 4.5 when AER-C OLR was increased on 
day 131. Consequently, AER-C MLSS normalizes on day 141 with AER-C MLSS 
value of 3,607 mg/L. Between day 141 to day 152, steady state was observed for 
AER-C, with AER-C MLSS and MLVSS concentrations of 3,745±96 and 
3,212±69 mg/L, respectively. This gives AER-C ML VSS/MLVSS concentration of 
0.85. SVI values were also observed to exist in steady state between day 145 to day 162 
in phase II-D, where average and standard deviation values of 92±17 mL/g were 
obtained for SVI. Refer to Figure 4.7. Biomass was build up in the AER-C from MLSS 
and ML VSS concentration of3,870 and 3,197 mg/L, respectively, on day 152 to MLSS 
and ML VSS concentrations of 5,170 and 4,737 mg/L, respectively on day 162. The 
reason was readiness for phase III operation. 
4.4.1.3 Phase II results for the relationship between measured and predicted RAS 
concentration 
In this section, MLSS concentration for RAS (Xr) observed was compared with 
predicted MLSS measured from AE.R-C MLSS and SVI according to Equation 3.18 






















I h '"' ''"' k~" ,,&'''"' .....,. 
I 
B I Pha e II-~ p ase ~-D I ~ 0 
~ 0 10 20 30 40 50 60 70 80 90 100110120130140150160 
Sampling days 
--+-- MLSS cone. exprimental ,<; MLSS Cone. predicted 
Figure 4.8: Experimental and predicted MLSS concentration vs Sample. Days 
ANOVA analysis was carried out to ascertain the difference of the means between 
the observed and predicted MLSS concentration. At 95 %confidence interval, (p>0.05) 
there was no any significant difference observed (Table 4.3). 
Table 4.3: Statistical Analysis (AN OVA) on experimental and predicted RAS 
concentration for phase II 
SUMMARY 
Groups Count Sum Average Variance 
MLSS experimental 70 476724.2 6810.3 6858066 
MLSS prwicted 70 459739.2 6567.7 5239851 
.1\l~OVA 
Sow·ce ~[Variation ss df MS F P-value Fcrit 
Between Groups 2060630.5 2060630.5 0.34 0.56 3.91 
Within Groups 834756274.4 138 6048958.5 
Total 836816904.9 139 
4.4.2 Phase II results for aerobic digestion and mass balance 
Operating conditions of i-SGBR AD-C system has been previously described in Section 
3.4.2.1. However, the AD-C was operated as batch digester system, where it was fed 
once daily and decanted once daily based on 10 days SRT. The volume of7.5 L RAS 
was fed daily and 7.5 L was displaced daily. The objective of operating the AD-C unit 
was to simultaneously operate i-SGBR system by maintaining minimal sludge wastage. 
Therefore, in order to get rid of daily excess wastage through endogenous metabolism 
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in the AD-C. The approach was to return feed RAS to the AD-C so that the system will 
operate on little or no sludge wastage. The degradation efficiency of the AD-C was 
evaluated, and the mass of digested sludge from the EAD was compared with the mass 
of the wasting rate. The solids balance was carried out in terms ofMLSS because sludge 
wasting is based on MLSS. Volatile solids reduction was also determined based on the 
aerobic digester efficiency. The detailed summary of data for solids determination in 
all the experiments is contained in (Table C 1.1 in Appendix C). 
Figure 4.9 through Figure 4.16 show the daily sequence for the variation in the 
levels ofiAD and EAD MLSS and ML VSS concentration (mg/L), lAD and EAD mass 
of MLSS and ML VSS (mg/d), accumulated or degraded mass of MLSS and ML VSS 
in AD-C, and MLSS and ML VSS mass balance within the AD-C boundary based on 
Equation 3.1 through Equation 3.6 and Figure 3. 7 in Section 3.4.2.1. Aerobic digestion 
was carried out in phase 11-B through phase 11-D. There was no effort made to control 
the daily lAD raw sludge to a particular concentration, however, it was not unexpected 
that there may be considerable changes in daily solids concentrations. 
814000 
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Figure 4.11: Aerobic Digester Mass Accumulation for Mixed Liquor Suspended 
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Figure 4.12: Aerobic Digester Mixed Liquor Suspended Solids Mass balance and 
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Figure 4.13: Influent and Effluent Aerobic Digester Mixed Liquor Volatile 
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Figure 4.14: Influent and Effluent mass of Aerobic Digester Mixed Liquor 
Volatile Suspended Solids vs Sampling Days 
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Figure 4.15: Aerobic Digester Mass Accumulation for Mixed Liquor Volatile 
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Figure 4.16: Aerobic Digester Mass balance based on Mixed Liquor Volatile 
Suspended Solids vs Sampling Days 
The operation of the AD-C commenced in phase II-B. AD-C was seeded on day 49 
with sludge from nearby sludge pit illustrated in Figure 3.8. After the initial start-up of 
the AD-C as shown in Figure 4.10 and Figure 4.14, there was an observed daily 
variation in MLSS and ML VSS profile between days 50 to day 73 in lAD and EAD 
MLSS, and lAD and EAD ML VSS, respectively. It was observed that lAD on day 73 
had MLSS concentration of 6257 mg/L, while the EAD on day 73 with EAD MLSS 
concentration of 4553 mg/L. Between day 75 to day 87, steady state was observed in 
EAD MLSS and ML VSS concentrations, where observed average and standard 
deviations values for lAD and EAD MLSS, and lAD and EAD ML VSS values were 
observed to be (6299±133 and 5037±116 mg/L), and (4798±131 and 3278±85 mg/L), 
respectively. This gives equivalent lAD and EAD ML VSS and MLSS ratio of 0. 76 and 
0.65, respectively. The low ML VSS/MLSS ratio in the effluent could suggest that the 
process may have under gone endogenous metabolism, where more ML VSS were 
degraded than MLSS. 
In phase II C, there was an observed increase in lAD MLSS and ML VSS 
concentration which peaks on day 92 with values of7,680 and 5580 mg/L, respectively. 
Refer to Figure 4.10 and Figure 4.14. The rise in concentration could be due to increase 
in influent OLR from 1.34±0.68 kg COD/m3 .din phase II-B to 2.26±0.46 kg COD/m3 .d 
in phase II -C. Steady state was observed between day 103 to day 131, where average 
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values and standard deviation for lAD and EAD MLSS, and lAD and EAD ML VSS 
were observed as (7,113±190 and 5,267±199 mg!L), and (5,990±305 and 
4,019±187 mg/L), respectively. This gives lAD and EAD ML VSSIMLSS ratios of0.74 
and 0.69. Similar reason can be assumed for the decrease in the ML VSS and MLSS 
ratio from the EAD as in phase II-B. 
Phase II-D was operated between day 134 to day 162, where the lAD and EAD 
ML VSS and MLSS concentration were observed to steadily increase until day 145 
(seeFigure4.9 andFigue 4.13). Between day 145 to day 152, steady state was observed, 
where the average value and standard deviation for lAD and EAD MLSS, and lAD and 
EAD MLVSS were (12,517±272 and 10,049±604 mg/L), and (9,952±388 and 
7 ,446±504 mg/L ), respectively. This gives lAD ML VSSIMLSS and EAD 
ML VSS/MLSS ratios of 0.80 and 0.74, respectively. EAD ratio was observed to be 
lower than the lAD. This could be attributed to endogenous decay process in the 
AD-C. Between day 155 to day 162, the observed lAD MLSS and ML VSS 
concentration continued to be comparatively steady, when biomass was built up in the 
AER-C in readiness for the phase II operation. The underflow lAD MLSS and ML VSS 
concentration remained relatively stable, with average value and standard deviation of 
12,526±173 and 1 0,585±90 mg/L, respectively. The lAD ML VSSIMLSS gives ratio of 
0.84. Corresponding EAD MLSS and ML VSS concentration were observed as 
10,685±236 and 8,123±390 mg/L, respectively. Ths gives a ratio of0.76. 
Figure 4.12 and Figure 4.16 show the AD-C mass balance for MLSS and ML VSS, 
where solids destroyed (MLSS and ML VSS) and percent solids destroyed are 
presented. The EAD MLSS digested solids (MLSS, mg/d) was compared with 
underflow mass (mg/d) (see Figure 4.12). The difference between EAD digested solids 
(mass ofMLSS) and the wasting rate (mass of solids for lAD) were compared for SRT 
control. AD-C performance was evaluated accordingly (Table Cl.1 in Appendix C). 
Wasting was carried out based on MLSS, where normally inert materials were assumed 
to be considered. Mass balance between AD-C boundary was evaluated according to 
MLSS and ML VSS mass for lAD, EAD and AD-C accumulations at various stages of 
steady the state periods during respective OLR operated. 
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Aerobic digestion commenced in phase 11-B operation. It can be observed that 
between day 52 to day 73 during monitoring of AD-C for solids destruction. The trend 
has shown a slow and staggered performance of solids destruction (MLSS and ML VSS) 
at the begining (see Figure 4.12 and Figure 4,16), EAD mass ofMLSS and ML VSS on 
day 52 were observed to be 36, 350 mg/d and 23, 950 mg/d with equivalentTADMLSS 
and ML VSS mass of 47,425 mg/d and 37,050 mg/d, respectively. Progressive 
stabilization was observed from day 75, when EAD AD-C mass (MLSS and ML VSS) 
were observed to be steady between day 75 to day 87, with average values and standard 
deviation of 37, 754±892 mg/d and 24, 583±637 mgld. The equivalent rrUtsS~Qf IA.JI 
MLSS and MLVSS were 47, 163±1003 and 36, 021±930 mg/d. This gives degraded 
MLSS and MLVSS mass as 9,117±325 mg/d and 11,854±895 mg/d, respectively. 
Consequently, it can be observed that 19 %and 32 % ofMLSS and ML VSS degradation 
percentages were achieved. Thus, MLSS and ML VSS accumulation between day 75 to 
day 87 of the steady state were 292 and -417 for MLSS and ML VSS (see Figure 4.11 
and Figure 4.15), respectively. Accumulation profiles for MLSS and ML VSS are 
shown in Figure 4.11 and Figure 4.15, respectively. The mass of underflow during the 
steady period between day 75 to day 87 was observed with average value and standard 
deviation of 10, 113±189 mg/d. No sludge was wasted during phase 11-B operation. 
Instead, the solids (MLSS and ML VSS) were possibly digested in the AD-C. 
Phase 11-C was operated between day 89 to day 101, the solids mass destruction 
(MLSS _and ML VSS) from EAD were observed inconsistent as shown in Figure 4.12 
and Figure 4.16, until between day 103 to day 131 when operation was observed to be 
steady with EAD stable solids pattern. As can visually be inspected from Figure 4.12, 
the median of the underflow wasting rate has moderately stabilized during each OLR 
at steady state operation. Between day 103 to day 131, average values and standard 
deviation for EAD solids (MLSS and ML VSS) destroyed and percentage destroyed 
were observed as 44,275±1191 mg/d and 16 %, and 144±1403 mg/d and 22 %, 
respectively. Observed mass of lAD MLSS and ML VSS were observed to be 
53,006±1090 mg/d and 39,148±1101 mg/d, respectively. Accumulation ofMLSS and 
ML VSS were both observed as 19 mg/d. Observed underflow wasting rate based on 
MLSS was 10,763±323 mg/d. Degraded MLSS and MLVSS were observed to be 
8,712±329 mg/d and 8, 985±626 mg/d, respectively. 
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In phase II-D, OLR was increased on day 131, and fluctuation was observed 
between day 134 to day 145 from EAD solids destroyed (MLSS and MLVSS) (see 
Figure 4.12 and Figure 4.16). Between day 148 to day 162, steady state for EAD solids 
mass degradation (MLSS and ML VSS) was observed. The observed average values and 
standard deviation for EAD solid mass destruction and percent degradation for MLSS 
and MLVSS were 13,238±519 mg/d and 14 %, and 17,100±1166 mg/d and 20 %, 
respectively. Corresponding lAD, EAD, and accumulation for the mass ofMLSS were 
93,631±1179 mg/d, 80,394±2140 mg/d, and no observed accumulation ofMLSS. For 
the ML VSS, average value and standard deviation for lAD, EAD and accumulation 
were observed as 77,644±3264 mg/d, 60,919±2931 mg/d and -375 mg/d, respectively. 
The underflow mass ofMLSS was observed as 15,595±199 mg/d. ML VSS percentage 
degradation of20% was achieved in phase II-D. 
A decline was observed in the AD-C solids reduction efficiency, which could be 
due to successive increase in concentration of lAD from phase II-B through 
phase II-D. Hence, this could probably be due to solids build up to likely influence the 
AD-C performance. The color changes and odor during the operation of the aerobic 
digestion were monitored. Sludge for the lAD as raw sample was observed to be 
brownish in color, while the digested sludge was observed as light brown. There was 
no observed detectable and perceptible odor in the AD-C. The continuous aeration and 
exposure of AD-C to open environment may play a role to control odor. 
Overall summary for the steady state of mixed liquor suspended solids, mixed liqour 
volatile suspended solids and corresponding degradation performance during phase II 
is shown in Figure 4.17. 
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Phase 11-D 
"''w~ Degraded MLSS 
"'2'\c2; Degraded ML VSS 
Figure 4.17: Steady state Aerobic Digester Mixed Liquor Suspended and Volatile 
Solids Mass balance and Degadation Efficiency vs Phases 
4.4.3 Phase II results of heterotrophic plate count and population of microfauna 
Results for the HPC to determine live heterotrophic bacteria and count for the protozoa 
and metazoa is presented in this Section. Sludge samples in the aeration chamber were 
analyzed for HPC and counting of micro-organisms such as protozoa and metazoa. 
4.4.3.1 Phase II results for heterotrophic plate count 
The main objective ofHPC count was to identify the viable bacterial population in 
the reactor aeration chamber for various MLSS concentrations analysed. The MLSS 
concentrations tested comprise of 3,000, 3,400, 3,500, 3,700 and 4,800 mg/L. For the 
determination of the viable bacterial count, 3M Petrifilm Aqua Plate Testing Process 
method was adopted through direct pipetting of 1 mL serially diluted sludge sample 
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(10-6) by plating technique, and incubated at35°C for 48 hours. Samples were ;filtered 
with 47 mm; 0.45 micron pore size mixed cellulose Ester (MCE) filter paper. Following 
the incubation colonies formed were analyzed and counted as indication for the 
population of microorganisms. The results for counted colonies is presented according 
to Table 4.4 and Figure 4.18. The microbial growth appearing on specific media was 
enumerated in terms ofHPC cfu/mL (pathogenic indicators). 
Table 4.4: Phase II results for heterotrophic plate count of sludge 
Aeration tank Heterotrophic plate count, (cfu/mL) x 107 
MLSS, (mg/L) Sample 1 Sample 2 Sample 3 Average 
count 
3,000 2.4 2.2 1.9 2.17 
3,400 3.2 2.6 2.9 2.90 
3,500 3.5 3.8 4.1 3.80 
3,700 4.4 4.7 5.0 4.70 
4,800 5.8 5.3 5.5 5.53 
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Figure 4.18: Variation of plate counts with aeration chamber sludge 
As can be observed from Table 4.4 and Figure 4.18, HPC for respective MLSS 
concentrations increased with rise in MLSS concentration for the aeration chamber, 
which probably suggests viability of cells being maintained at higher MLSS 
concentration in aeration tank. MLSS concentrations of3,000 mg/L being the minimum 
tested and MLSS concentration of 4,800 mg/L being the maximum tested yielded HPC 
average counts of2.17x107 and 5.53x107 cfu/mL, respectively. The HPC difference of 
3.37xL07 was observed b.e.tween lowest MLSS measure.d (3,000 mg/L) and highest 
MLSS measued ( 4,800 mg/L ). The equivalent difference in the MLSS concentration 
was observed to be 1,800 mg/L. 
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4.4.3.2 Phase II results for protozoa and metazoa count in aeration chamber sludge 
The micro-organisms observed at the respective periods is presented in the Table 4.5 as 
average and percentage. The counting was done in triplicates of 100 ~L sub-samples. 
Table 4.5: Count for protozoa and metazoa in aeration chamber sludge 
Phase II-A Initial Jeriod (Acclimatization) 
Slid 
Slide Slide Percentage 
Organism Aver. e no. 




8 4 6 6 54.5 
ciliates 81.8 
Stalked ciliates 5 3 0 3 27.3 
Metazoa 
Rotifers 1 1 1 1 9.1 
18.2 
Nematodes 2 1 1 1 9.1 
Total 
15 9 8 11 100 100 
Phase II-A Final period (Stable operation) 
Protozoa 
Free-swimming 
6 8 10 8 36.4 ciliates 91.9 
Stalked ciliates 10 9 12 10 54.5 
Metazoa 
Rolifets 2 2 4 3 9'.1 
9.1 
Nematodes NI NI NI NI -
Total 
18 19 26 22 100 100 
Phase II-D Finalperiod 
Protozoa 
Free~ swimming 
8 10 13 10 33.3 ciliates 80.0 
Stalked ciliates 10 14 17 14 46.7 
Metazoa 
Rotifers 5 3 7 5 16.7 
20.0 
Nematodes 1 1 NI 1 3.3 
Total 
24 28 37 30 100 100 
NI =Not identifiable 
Microfauna as protozoa and metazoa were evaluated at the initial and fmal periods of 
acclimation in phase II-A, and at end of phase II-D. 
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It was observed in the initial period of the acclimatization after the start-up, 
nematodes were observed to represent 9.0 % (10 organisms/mL) of the microfauna 
composition. Poor sedimentability of the system was indicated at the begining of the 
acclimatization which could be due to adaptation of the microorganisms. Rotifers 
comprised another 9 % ( 10 organisms/mL) at the begining of the acclimatization period. 
Total metazoa population was observed to present 18.2 % of the total microfauna. 
Protozoa such free swimmers (54.5 %) and stalk ciliates (27.3 %) were observed in the 
reactor after the start up. Population of protozoa was observed to dominate with 81.8 % 
(90 organisms/mL) of total microfauna. These microorganisms were observed to thrive 
and were always seen attached to the substrate. The presence of ciliates and rotifer is 
an indication of good performing reactor. 
At the end of phase II -A when the reactor has fully acclimatized, there was an 
observed increase in the population of rotifers (30 organisms/mL) representing 9.1 % 
ofthe total population, free swimming ciliates (80 org/mL) representing 36.4 %, and 
stalked ciliates (100 org/mL) representing 54.5 %. The protozoa and metazoa 
population were observed with estimated count of 180 organisms/mL and 
30 organisms/mL, respectively. Increased population ofrotifers, free swimming ciliates 
and stalked ciliates could be an indication of possible good enabling environment. 
Protozoa and metazoa have ability to consume on bacteria and suspended particles as 
predators, in that way inducing flocculation [312]. Conversely, it was observed that 
nematodes were the first microorganisms to gradually disappear after the reactor has 
stabilized in phase 11-A. Similar observation was reported by Cordi et al. treating paper 
mill effluent wastewater using activated sludge process [313]. 
Subsequently, in phase 11-D when the SRT was getting older and higher organic 
loading was operated, increased population ofrotifers (50 org/mL) representing 16.7% 
was observed. The population of nematodes was observed to reappear with about 
10 org/mL having observed percentage of 3.3 % of the total microorganisms. Total 
observed population of metazoa was 20.0 % (60 org/mL). Similar observations were 
reported, where population of rotifers and nematodes dominated when operating long 
SR T for the activated sludge process [314]. Higher percentages of free swimming 
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ciliates (33.3 %) and stalked ciliates (46.7 %) were also observed as dominant 
microorganisms representing 80.0% of the total organisms observed. 
Some noticeable protozoa and metazoan organisms observed to be present at the 
begining and end of acclimation period in phase II-A and phase 11-D are presented in 
Figure 4.19 . The organisms were viewed under 400x magnification optical microscope. 
They comprised of free swimming ciliates (Figure 4.19a), stalked ciliates 
(Figure 4.19b), rotifers (Figure 4.19c) and nemotodes (Figure 4.19d). 
a. Free swimming ciliates (x400) b. Stalked ciliates (x400) 
c. Rotifers (x400) d. Nemotodes (x400) 
Figure 4.19: a, b, c, d illustrate some protozoa and metazoan observed 
4.4.4 Phase II results for pH, dissolved oxygen and temperature profiles 
pH, DO, and temperature values were monitored and measured in phase II. pH was 
measured in influent, ANX-C, AER-C and AD-C. DO was monitored and measured 
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in ANX -C, AER -C, and AD-C. The temperature was measured in situ from AER -C of 
the i-SGBR system. Complete data for pH, DO and temperature can be found in 
Appendix B (Table Bl.2). To ensure neutral pH was achieved, sodium bicarbonate 
(NaHC03) in AER-C and AD-C doses were added. Experiment was conducted at an 
ambient temperature. 
In phase II-A through phase II-D, influent pH for the wastewater was observed to 
be in the range between 4.2 to 6.8, with average and standard deviation values of 
5.89±0.7. The profile for the influent pH in phase II is as shown in Figure 4.20. 
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Figure 4.20: pH profile for Influent wastewater vs Sampling Days 
pH for ANX-C in phase II-A through phase II-D was observed to range between 
7.3-7 .8, with average and standard deviation values obtained as 7 .45±0.11. pH profile 
for ANX-C in phase II is shown in Figure 4.21. 
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Figure 4.21: pH profile for Anoxic chamber vs Sampling Days 
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The observed pH for AER-C in phase II-A through phase 11-D ranges between 
7.2-7 .8, with average and standard deviation values obtained as 7 .55±0.11. pH profile 
for the AER-C is as shown in Figure 4.22. 
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Figure 4.22: pH profile for Anoxic chamber vs Sampling Days 
The pH for AD-C in phase 11-B through phase 11-D was observed to range between 
6.8-1.3 with average and standard deviation values obtained as 1.09±0.1. This is shown 
in Figure 4.23. 
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Figure 4.23: pH profile for Aerobic digester vs Sampling Days 
It can be observed from Figure 4.21 through Figure 4.23 that neutral pH was 
maintained in all the reaction chambers during the operation; ANX-C, AER-C, and 
AD-C throughout the period in phase II. The influent pH of the wastewater was 
observed to be slightly acidic as can be seen from Figure 4.20. This could be caused 
due to the nature of the by-products and cleaning operations of the FBI wastewater. 
Although, the pH in the i-SGBR system was maintained within a stable range of 
6.8-7 .8, which could be favorable for microbial activities. Tolerable pH for microbial 
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process range between 6.0 to 9.0 and optimum performance occurs close to neutral pH 
[89, 90]. 
DO in the ANX-C for phase II-A through phase II-D ranges between 0.18 mg/L to 
0.28 mg/L, with average and standard deviation recorded as 0.23±0.02 mg/L. DO 
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Figure 4.24: Dissolved Oxygen profile for Anoxic vs Sampling Days 
DO for AER-C in phase II-A through phase II-D ranges between 3.76 mg/L and 
5.75 mg/L with an average and standard deviation of 4.48±0.3 mg/L. DO profile for 
AER-C for phase II-A through phase II-D is shown in Figure 4.25. Fine bubble diffusers 
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Figure 4.25: Dissolved Oxygen profile for Aeration vs Sampling Days 
DO in AD-C between phase II-B through phase II-D was observed in range between 
6.93 to 9.33 mg/L with average and standard deviation recorded as 8.28±0.5 mg/L. 
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Coarse bubble diffusers in AD-C serve the dual purpose of providing sufficient mixing 
and supply of DO. DO monitoring started from day 50 to day 162 in phase II. DO 
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Figure 4.26: Dissolved Oxygen profile for Aerobic Digester vs Sampling Days 
The DO fluctuations with standard deviation value of less than 6 % variability might 
be considered insignificant. However, DO variations might be attributable to 
requirements for oxidation of the organic matter and nitrification in the aerobic 
chamber, which resulted in variable influent loadings for the wastewater. DO 
concentration was always adjusted by gauge valves to ensure required supply. 
The temperature was monitored from the AER-C ofi-SGBR system in phase II-A 
through phase II-D, where the observed values range between 27.3 and 33.3 OC. 
Temperature profile vs sampling days in AER-C is presented in Figure 4.27. 
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Figure 4.27: Temperature profile for Aeration Chamber vs Sampling Days 
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reactions could be influenced by temperature. 
The growth rate of nitrifying microorganisms is sensitive to temperature [156]. 
Nitrification can proceed in wastewater at temperatures between 4 to 45 oC, with the 
nitrification rates reported to rise as a function of temperature [157, 158]. The ammonia 
and nitrite oxidation was considerably enhanced by increasing temperatures between 
10-30 oC [150]. The experimental observations recommended that the effect of 
temperature on the rate of nitrification can be modeled by an Arrhenius type equation 
in the range of7-30 oc (Equation 2.7) [85, 159]. 
The tropical countries like Malaysia have a mesophilic temperature. Mesophilic 
temperature is likely to make biological treatment of wastewater favorable [315]. The 
performance of ASP is very sensitive to temperatures, due to its influence on the rate 
of biological reactions [240]. The optimum temperatures for bacterial activity are 
specified to be in the range of 25-35 °C [85, 316]. Phase II results for the system 
performance: COD, sCOD, and BODs. 
4.5 Phase II results on performance for the system operation 
Results for the biodegradation efficiencies of organic matter (COD, sCOD, BODs), 
nitrogen (TN, ammonia-nitrogen, TKN and nitrate-nitrogen) and TSS were examined 
by changing the HRT and IR as the main operating variables. The degradation ofthe 
organic matter, oxidation of ammonia and reduction of nitrate were achieved through 
the aerobic process, anoxic process, and aerobic digestion process. To achieve this 
objective, samples were collected from influent (INF), effluent anoxic chamber 
(E-ANX), and effluent aeration chamber (E-AER), return activated sludge (RAS), and 
an effluent clarifier (E-CLAR). The system was operated as an extended aeration 
activated sludge process. Extended aeration activated sludge performance can best be 
explained in terms of its ability to remove COD and BODs [317]. Performance data for 
phase II including paramenters for COD, sCOD, BODs, TSS, ammonia-nitrogen, 
nitrate, nitrite, TKN and TN are contained in Appendix D (Table 1.1 through 
Table 1.6). 
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4.5.1 Phase ll results for removal of COD, sCOD, and BODs 
Monitoring and evaluation of organic matter degradation for phase II were carried out 
in 162 days based on the COD, sCOD, and BODs. Experiment in phase II has four sub-
phases; phase II-A, phase li-B, phase li-B and phase II-D. 
1. Phase II-A was carried out between day 1 to 50, with activities comprising 
start-up and acclimatization using a flow rate of 45 L/d, IR flow of 135 Lid 
and 270 Lid. Average values and standard deviation OLR observed for 
ANX-C and AER-C OLR were 1.34±0.68 kg COD/m3 d and 
0.21±0.03 kg COD!m3 d, respectively. 
ii. Phase li-B was carried out between day 50 to 87 for system operation and 
simultaneous aerobic digestion, where the flow rate of 45 Lid and IR flow 
of270 Lid were operated. Average values and standard deviation observed 
for ANX-C and AER-C OLR were 1.34±0.68 kg COD/m3 d and 
0.21±0.03 kg COD/m3 d, respectively. 
iii. Phase II-C was carried out between day 87 to 131 with an influent flow rate 
of70 Lid and IR flow rate of 420 and 210 Lid. Average values and standard 
deviation operated for ANX-C and AER-C OLR were observed as 
2.26±0.46 kg COD/m3 d and 0.33±0.03 kg COD/m3 d, respectively 
iv. Phase li-D was carried out from day 131 to 162 with an influent flow rate 
of 100 Lid and IR flow of 600 Lid. Average values and standard deviation 
operated for ANX-C and AER-C were observed as 3.05±0.52 kg COD/m3d 
and 0.50±0.06 kg COD/m3 d, respectively 
Time-dependent profile for COD: Influent, E-ANX-C, effluent clarifier, and 
BODs: influent and effluent clarifier are shown in Figure 4.28. Phase II operation was 
carried out for a period of 5.5 months (162 days). For the whole experimental duration, 
it can be observed that influent wastewater COD concentration fluctuated within the 
range of715 mg/L and 1,593 mg!L, with overall average value and standard deviation 
of 1 ,223±234 mg/L. It could be seen that the standard deviation value was high, which 
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Figure 4.28: Infl., Effl-Anoxic & Effl.-Clarifier COD and Infl. & Effl.-Clarifier BODs 
Cone. vs Sampling Days 
BODs measurement was not the major parameter adopted to analyze degradation 
of or~anic matter in this research, yet, BODs was carried out once a week to validate 
the COD observed values, where measurements for COD parameter was carried out 
three times per week. Consequently, steady state is not expected for the profile showing 
BODs time series plot, which was unattained probably due to the time lag compared to 
COD values. BODs measurements were compared with equivalent COD values to 
obtain BODs/COD ratio on specific days referred and during observed steady state 
periods. 
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In phase 11-A, it can be seen from Figure 4.28 through Figure 4.29, that COD 
removal efficiency during the start-up was observed to be low, with less than 80 % 
percent COD degradation observed between day 1 to day 10, where between day 1 to 
day 10 average effluent COD concentration was 220 mg/L, which corresponds to 
average influent COD coriceritratiori of 1055 rrig/L. High effluent COD could be 
expected in the beginning due to microbial perturbations through adaptation process to 
acclimatize. High effluent COD could also be influenced by effluent TSS resulting from 
suspended biomass. Acclimation period is required for most industrial wastewaters to 
gradually expose consortium of the microbial community to potential inhibitory 
compounds. This permits the development of suitable enzyme-producing genes that are 
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Figure 4.29: Percentage COD reduction vs Samplings Days 
However, there was detected and gradual rise in the effluent clarifier COD removal 
efficiency from 80% to 95% between days 12 to day 19. This corresponds to influent 
and E-CLR average concentrations observed as 1,129 and 224 mg/L, and 
1,033 and 49 mg/L, respectively. Equivalent influent and effluent BODs concentration 
on day 12 and day 19 were 933 mg/L and 71 mg/L, and 695 mg/L and 14 mg/L, 
respectively. This gives untreated influent concentration and treated effluent 
BODs/ COD ratio on day 12 and 19 as 0.8 and 0.1, and 0.3 and respectively. Between 
days 22 to day 50, steady state was observed in the E-ANX-C, E-AER-C, and effluent 
clarifier (E-CLR). 
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At observed steady state, average values and standard deviation of COD in 
E-ANX-C and E-CLR were observed to be 571±34 mg/L and 27±3 mg/L, respectively. 
This gives 97.8 % system removal efficiency with equivalent observed influent COD 
average and standard deviation values of 1273±219 mg/L. Between day 22 to 50 when 
steady state was observed, corresponding BODs concentration for influent and E-CLR 
had observed average and standard deviation values of 804±122 and 8±2 mg/L, 
respectively. COD removal efficiency of 97.9 % in the system was observed. The 
untreated influent and treated effluent clarifier BODs/COD ratio at steady state period 
between day 22 to day 50 gives 0.6 and 0.3, respectively. F/M ratio for the AER-C was 
observed to be 0.03 mg sCOD/mg ML VSS d based on sCOD. It was noticeable that 
about 55% ofthe COD was removed due to biological degradation in ANX-C alone. 
The specific COD removal rate of 0.304±0.08 mg COD/mg VSS d was observed in the 
ANX-C. Therefore, since COD is used in the ANX-C for denitrification, the remainder 
was later degraded aerobically in AER-C. The average specific COD removal rate in 
the AER-C at the steady state was determined as 0.09±0.25 mg COD/mg VSS d. 
In phase, 11-B operation was carried out between day 50 to day 87, with the start-
up of aerobic digestion on day 50, where E-CLR COD concentration of 
22 mg/L was observed before the digestion commenced. On day 54 there was an 
observed increase in effluent COD concentration of 50 mg/L, which could probably be 
due to the addition of the solids from effluent AD-C. COD effluent receded in both 
E-ANX-C and effluent clarifier until day until day 73, when E-ANX-C and effluent 
clarifier COD were observed to be 577 mg/L and 38 mg/L, respectively. The distortion 
observed in ANX -C could be due to the operation of the internal recycle. Between day 
75 to day 87, steady state was observed for operation with ANX-C and AER-C COD 
OLR having average value and standard deviation of 1.42±1.66 mg COD/m3d and 
0,20±0,21mg COD!m\1, r~sp~ctiv~ly.It was noticed that OLR for ANX-C was higher 
than the AER-C OLR, which could probably be due to the configuration, having 
influent COD received first in the ANX-C, and volume ratio of 1:3 for 
ANX-C:AER-C. Average values and standard deviation for ANX-C and E-CLR COD 
were observed to be 543±18 mg/L and 35±2.9 mg/L, respectively. The average value 
and standard deviation for influent COD was observed to be 1276±224 mg/L. Between 
day 7 5-87, equivalent average values and standard deviation for the influent and E-CLR 
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BODs were observed to be 760±69 mg/L and 6±2 mg/L, respectively. This gives 
untreated and treated BODs/COD values of 0.6 and 0.2, respectively. COD removal 
efficiency of 97.4% was observed. The F/M ratio in the AER-C was observed to be 
0,03 mg sCOD/mg ML VSS & It can be seen from the observed values of influent COD 
and E-ANX-C that 57% of COD has been degraded in the ANX-C. The average value 
and standard deviation for specific COD removal rate in the ANX-C and AER-C were 
determined as 0.278±0.1 mg COD/mg VSS d and 0.11±0.3 mg COD/mg VSS d. The 
F 1M was normally low, which could probably be due to large biomass concentration of 
2798±152 mg/L operated in the AER-C, the size of the AER-C and utilization of 
substantial amount of COD in the ANX-C. 
In phase 11-C, the flow rate of 70 Lid was operated, with equivalent ANX-C and 
AER-C HRT of 13. 7 hours and 42. 8 hours, respectively. This phase was operated 
between day 87 to day 131. On day 89, there was an observed increase in E-ANX-C 
and E-CLR COD concentrations to average values of 612 mg/L and 59 mg!L, 
respectively. The rise could be due to increased flow rate that resulted in higher 
ANX-C and AER-C OLR with observed average value and standard deviation of 
2.26±0.46 kg COD/m3.d and 0.33±0.03 kg COD/m3 d, respectively. IR flow of 
420 Lid (IR 6) was operated between day 89 to day 110, and IR flow of210 Lid (IR 3) 
was operated between day 113 to day 131. However, there was no observed influence 
of IR flow on COD removal efficiency observed due to the variation of IR ratio from 
l 00% to 50%. Operation with ofiR 6 had its steady state-from E-ANX-C between day 
99 to day 110 with an average value and standard deviation COD of 698±24 mg/L, 
while operation with IR 3 had it steady state between day 122 to day 131 with an 
average value and standard deviation COD value of 689± 19 mg/L. Although, an 
observed drop in ANX-C COD concentration was observed on day 113, with the 
observed value of 662 mg/L. This drop could be due to change in IR flow from 420 Lid 
to 210 Lid, which probably could induce dilution level in ANX-C in addition to low 
influent concentration observed between day 113 to day 117, with an observed 
concentration of 715 mg/L on day 117. This phenomenon has not been noticed in 
E-AER-C, RAS, and E-CLR. Between day 101 to day 131, steady state was maintained 
in the effluent clarifier with an average value and standard deviation COD of 
45±3 mg!L. Steady state period observed between day 101 to day 131 had observed 
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influent COD concentration average value and standard deviation of 1, 169±349 mg!L, 
which represents 96 % system COD removal efficiency. The drop in COD percent 
removal efficiency in phase II-C could be due to drop in ANX-C COD utilization, 
which was observed at average 42 %, thereby increasing E-CLR concentration. The 
distortion observed in the operation of ANX-C stability from IR 6 to IR between day113 
to day 117 could be due to effect on reduced HRT for ANX-C that may affect microbial 
activities in the interim. High variability in the influent concentration could be 
responsible. This phenomenon has not been seen in the effluent clarifier. This could be 
due to effective heterotropic metabolism in the AER-C and adequate biomass settling 
in AER-C. The equivalent average values and standard deviation for the influent and 
clarifier effluent BODs were observed to be 759±62 mg/L and 16±4 mg/L, respectively. 
This gives untreated and treated BODs/COD values of 0.65 and 0.34, respectively. 
In phase li-D, the experiment was carried out from day 131 to day 162 with an 
influent flow rate of 100 Lid, corresponding to ANX-C and AER-C HRT of9.6 hours 
and 30 hours, respectively. It can be observed from Figure 4.19 that abrupt fall and the 
rise of ANX-C and E-CLR concentrations observed on day 136 to day 141 could be 
due to increase in the ANX-C and AER-C OLR to the average value and standard 
deviation of3.05±0.5 kg COD/m3d and 0.5±0.1 kg COD/m3d. Hence, between day 143 
to day 162, steady state was observed in ANX-C and effluent clarifier, with average 
values and standard deviation of733±20 mg/L and 69±2 mg!L, respectively. Equivalent 
BODs concentration in the effluent clarifier was observed to have average value and 
standard deviation of 18±1 mg/L. Corresponding influent concentrations for COD and 
BODs have average values and standard deviation observed to be 1,313±104 and 
851±46 mg/L, respectively. This gives untreated and treated BODs/COD values of0.7 
and 0.3, respectively. It can be realized that system has achieved 95% COD removal. 
The average value and standard deviation for specific COD removal rate in the 
ANX-C and AER-C were observed to be 0.294±0.12 mg COD/mg VSS d and 
0.12±0.05 mg COD/mg VSS d, respectively. Low BODs/COD ratio observed could 
suggest that the wastewater contains high biodegradable organic content. 
A statistical analysis (ANOV A) was conducted on the E-CLR COD results obtained 
from the experimental analysis. At 95% confidence level, the result indicated that there 
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is a significant difference (P<0.05) between the mean values for the HRT's (Table 4.6), 
where the results indicated that mean value for HRTwith flow rate of 45L/d was lower 
than the mean values of the other flow rates with 70 and 100 Lid. 
Table 4.6: Phase II-Statistical Analysis (ANOVA) and multiple comparison for effect 
ofHRT on COD performance 
New to MATLAB? Watch this~ m .!lli!l.21 or read Getting Started. 
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It can be concluded that HRT with a flow rate of 45 Lid performed better in terms 
of COD removal efficiency compared with HRT having flow rates of 70 and 100 Lid. 
Consequently, the performance decreases with increase in flow rates (decrease in HRT). 
The mean values, standard deviation, and system removal efficiencies at steady 
state are presented in Figure 4.30, where treatment efficiency of98% was observed in 
phase II-A. It can be seen that the treatment efficiency declines with a decrease in HRT 
although not to a significant level. In phase II-A removal efficiency of 98 % was 
observed with effluent COD average value of 27 mg/L and average influent COD 
concentration of 1273 mg/L. In phase II-B, COD removal efficiency of 97 % was 
observed with E-CLR average COD value of35 mg/L and average COD influent value 
of 1,276 mg/IL. In phase II-C, average COD removal efficiency of96% was observed 
with influent COD concentration of 1,169 mg/L and E-CLR COD concentration of 
45 mg/L. In phase II-D, average COD removal efficiency of95% was observed, with 
influent COD concentration value of 1,313 mg/L and 69 mg/L. The utilization of COD 
in ANX-C from phase II-A through phase II-D as shown in Figure 4.30. It was observed 
that COD from influent was utilized at 55 %, 57 %, 42 %, and 79 %, respectively. 
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Figure 4.30: Steady state COD results in Infl., Effl.-Anoxic and Effl.-Clarifier vs 
Phase 
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4.5.1.1 Phase II results for sCOD concentration reduction profile 
The graph for filtered soluble COD (sCOD): influent, E-ANX-C, E-AER-C, RAS, and 
E-CLR is shown in Figure 4.31. Results obtained for the sCOD samples previously 
described were used to monitor the sequential decrease of soluble COD removal from 
the wastewater by heterotropic bacteria. The typical influent sCOD concentration for 
the duration of 162 days was observed to be in the range of297 to 591 mg!L, with an 
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Figure 4.31: sCOD Cone: Infl., Effl.-Anoxic, Effl.-Aeration, & Effl.-Clarifier vs 
Sampling Days 
In phase II -A operation, influent sCOD obtained between day I to day 50 was 
observed to have average value and standard deviation of 462±62 mg/L. This gives 
influent COD/sCOD ratio of 2. 7. Between day 1 to day 17 as observed from 
Figure 4.31, sCOD concentration in E-ANX-C, AER-C, RAS and effluent clarifier were 
130 
not stable, probably due to acclimatization from the start up process. However, between 
day 22 to day 50, the system has stabilized with observed steady state values measured 
for E-ANX-C, E-AER-C, RAS and E-CLR, where observed average values and 
standard deviation were obtained as 231±7 mg!L, 28±2 mg/L, 24±2 mg/L and 
17±3 mg!L, respectively. It can be seen that removal efficiency of 96 % sCOD was 
achieved in the system. The effluent COD/sCOD ratio was observed as 1.6. It can be 
noticed that the observed BODs values were lower than the sCOD values, which could 
indicate complete oxidation ofthe organic matter. Reduction ofsCOD was observed in 
RAS to a value of about 4 mg sCODIL from E-AER-C, although insignificant, but could 
indicate possible metabolic process taking place in the clarifier, likely due to a large 
amount of biomass that has thickened. 
Operation in phase II -B was carried out between day 52 to day 87 with a flow rate 
of 45 Lid as the previous phase. On day 50, aerobic digestion started, and on day 54 
there was an observed increase in the sCOD in E-ANX-C, AER-C, RAS and effluent 
clarifier to have average values of 249 mg!L, 4 7 mg!L, 36 mg!L and 27 mg/L, 
respectively. The increase in the sCOD could be due to sludge degradation with its 
effluent emptied into the AER-C, and IR of nitrates mixed liquor into the ANX-C. 
Between day 75 to day 87, steady state was observed. The average influent value of 
sCOD concentration operated at steady was observed to be 459±67 mg/L. This gives 
COD/sCOD ratio of 2.8. Average values and standard deviation in E-ANX-C, 
E-AER-C, RAS and effluent clarifier were observed as 250±11 mg!L, 35±6 mg!L, 
29±4 mg!L and 22±4 mg!L, respectively. The removal efficiency of 94 % sCOD was 
observed for the whole system. The effluent COD/sCOD ratio was observed to be 1.6. 
Similar observation was made for the reduction of sCOD in RAS with the difference 
having an average concentration of7 mg/L compared to effluent clarifier concentration. 
However, no noticeable effect was seen for any poor sludge settlement performance in 
the clarifier, which might have abated due to daily sludge feed into the AD-C and RAS 
flow to AER -C in maintaining biomass concentration. 
In phase II-C, the flow rate was increased to 70 Lid from 45 Lid, with observed 
upsurge seen in the E-ANX-C sCOD concentration on day 89 with an average value of 
274 mg!L. Similar increase on day 89 was observed for rise of sCOD in E-CLR-C, 
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RAS and E-CLR with average values observed as 49, 39 and 32 mg!L respectively. 
This rise could be due to disruption of the microbial activities due to increased flow 
rate and reduction of ANX-C and AER-C HRT to 13.7 hours and 42$ hours-, 
respectively. Between day 89 to day 131, two regimes of IR flow were operated. IR 
flow of 420 Lid (IR 6) was opetatea between day 89 to day 110, and IR flow of 
210 Lid (IR 3) was operated between day 113 to day 131. Steady state was observed 
between day 101 to day 131 in E-AER-C, RAS and E-CLR, with average values and 
standard deviation observed as 257±11 mg/L, 41±2 mg/L, 35±2 mg/L and 27±2 mg/L, 
respectively. This gives effluent COD/sCOD ratio of 1. 7. There was no observed effect 
noticed between day 87 to day 131 to influence the removal of COD, due to IR flow 
operated with 420 Lid and 210 Lid. Equivalent sCOD influent concentration observed 
for the operation in steady state between day 101 to day 131 was 520±68 mg/L. This 
indicates removal efficiency of system sCOD concentration of 94 %. 
In phase 11-D, the flow rate was increased to 100 Lid, with the corresponding 
decrease in the ANX-C and AER-C HRT to 9.6 hours and 30 hours. A slight rise of 
E-ANX-C concentration was observed on day 134 with an average concentration of 
277 mg/L. The corresponding influent sCOD concentration observed on day 134 was 
412 mg/L. On day 134, it was similarly observed that sCOD concentration for 
E-AER-C, RAS, and E-CLR were elevated to average values of 48, 42 and 32 mg/L, 
respectively. This increase of sCOD concentration observed could be associated to 
increase of flow rate, thereby likely reducing the contact time between the wastewater 
and microorganism, with a subsequent decrease in both ANX -C and 
AER-C HRT. Between days 143 to day 162, steady state was observed in E-ANX-C, 
E-AER-C and E-CLR with average values and standard deviation of 268± 17 mg/L, 
50±3 mg/L, 44 ±4 mg/L and 34 ±3 mg/L, respectively. Influent sCOD concentration 
operated for the steady state was observed to have average value and standard deviation 
of 499± 78 mg/L. The system sCOD removal efficiency was observed to be 92 %. The 
ratio of influent and effluent COD/sCOD gives 2.6 and 2.0, respectively. In this phase, 
the operation was carried out to build up biomass from average of 3727 mg/L on day 
134 to average of 5,273 mg/L on day 159. Influent COD/sCOD gives a ratio of2.2. 
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A statistical analysis (ANOV A) was conducted on the effluent clarifier sCOD 
results taken from the experimental data. At 95% confidence level, the result has shown 
that significant difference (P<0.05) exist between the mean values of the HRT's 
(Table 4.7). 
Table 4.7: Phase II-Statistical Analysis (ANOVA) and multiple comparison for 
effect ofHRT on sCOD performance 
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The results indicated that the mean value for HRT with flow rate of 45 Lid was lower 
than the mean values of other flow rates having 70 Lid and 100 Lid. It can be concluded 
that HRT with a flow rate of 45 Lid achieved better performance of sCOD removal 
efficiency compared to HRT with flow rates of70 Lid and 100 Lid. Subsequently, the 
performance decreases with increase in flow rates and decrease in HRT. 
The steady state results for phase II sCOD are shown in Figure 4.32, where 
presentation of the average observed values are plotted for sCOD with steady state data 
in influent, E-ANX-C, E-AER-C, RAS and E-CLR for phase II-A through phase II-D. 
,-..._ 
100 '$. '-" • 96 • 9:5 • 94 6 .. 92 90 !P <.;...< 
~ 
80 ;;.: 









J 400 en 
~ E 
0 (!) 





100 28 35 
0 
Phase II-A Phase li-B Phase II-C Phase li-D 
- Infl. sCOD cone. Effl. ANX-C sCOD cone. 
ll!llliiii!Effl. AER-C sCOD cone. - Effl. Clarifier sCOD cone. 
-e- sCOD removal Effie. 
Figure 4.32: Steady state sCOD Cone: Infl., Effl.-Anoxic, Effl.-Aeration, and 
Effl.-Clarifier vs Phases 
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4.5.2 Phase II results for the removal of Total suspended solids 
The influent and effluent total suspended solids data over the time course of study in 
phase II is shown in Figure 4.33. TSS value in phase II typically range between 
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The steady state results for phase II influent and effluent TSS profile according to 
Figure 4.33 is interpreted accordingly in Figure 4.34. The error bar represents standard 
deviation. 
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Figure 4.34: Steady state results for Infl. and Effl.-Clarifier TSS Cone. vs Phases 
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Phase II-A was operated between day 1 to day 50 to start up and stabilize the reactor 
system. In this study, acclimation was considered complete with effluent COD and 
effluent TSS having relative constant values after 22 days of operation. It can be 
observed that there was initially high effluent TSS of up to 99 mg/L on day 15 after the 
start-up of the reactor due to the probable loss of biomass in the effluent. This ~ould be 
due to biomass still needed time to adapt in the reactor to achieve adequate settling. 
This situation possibly resulted in high effluent COD observed during the similar period 
with an equivalent COD value of 209 mg/L on day 15. Between days 22 to day 50, 
steady state was observed, with effluent TSS average value and standard deviation 
observed as 16±2.9 mg/L. Influent TSS for the equivalent period of steady state 
between days 22 to day 50 was observed to be 640± 100 mg/L. This gives COD/TSS 
ratio for the influent and effluent as 2.1 and 1.7, respectively. 
Phase II-B was operated between day 50 to day 87 to include aerobic digestion of 
sludge. Monitoring of AD-C effluent commenced on day 52, with an observed rise in 
effluent TSS concentration seen on day 52 with an average value of 49 mg/L. This rise 
could be due to effluent COD from the AD-C added to initiate elevated solids 
concentration in the system due to digested sludge. Between day 75 to day 87, steady 
state was observed, where effluent TSS obtained with an average value and standard 
deviation of 26±2.3 mg/L. Corresponding influent TSS concentration was observed to 
be 664±101 mg/L. This gives influent and effluent COD/TSS ratio of 1.3 and 2.2, 
respectively. Larger ratio of COD/TSS in effluent could suggest low effluent TSS, 
likely due to improvement in solids settling in the AD-C, or high content of 
biodegradable organic matter that was consumed by microorganisms in the reactor 
system. 
In phase II-C operation, the surge in TSS concentration level was noticed on day 
89, which could be due to increase in the OLR subsequent to increased flow rate from 
45 Lid to 70 Lid. Effluent TSS from day 87 to day 99 was noticed to be irregular. 
However, between day 101 to day 131, steady state was observed, with observed 
average value and standard deviation of 34±3.9 mg/L. Equivalent influent average 
value and the standard deviation were observed to be 660 ±101 mg/L. The variability 
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is high, although, it could be due to the nature of the variable influent wastewater 
concentration. This gives influent and effluent COD/TSS ratio of 1.8 and 1.3. 
Phase 11-D was operated between day 131 to day 162 with flow rate of 100 Lid. 
This indicates an increased organic loading rate with anoxic and aerobic HRT of 
3.05±0.52 kg COD/m3d and 0.50±0.06 kg/m3d, respectively. Between day 134 and day 
141, there were instabilities in the effluent concentrations, although with a peak 
concentration of 62 mg/L observed on day 136. These instabilities could be due to 
increased loading and reduced HRT. Between day 143 to day 162, steady state was 
observed for effluentt TSS, with an average value and standard deviation observed as 
48±3.0 mg/L. The effluent concentration of 48±3.0 mg/L represents removal efficiency 
of 94.6 %. The observed effluent TSS efficiency was comparatively lower than 
performance with flow rates of 45 Lid and 70 Lid, where removal efficiencies of 
96.4 % and 94.6 were observed. 
Statistical analysis (ANOV A) was conducted on the effluent clarifier TSS results 
obtained from the experimental data (Table 4.8). At 95% confidence level, the result 
has shown that significant difference (P<0.05) between the mean values of the TSS 
exist for the respective HR T' s operated, where the results indicated that the mean value 
for HRT with flow rate of 45 Lid was lower than the mean values of other flow rates 
having 70 Lid and 100 Lid. 
It can be concluded that HRT with a flow rate of 45 Lid achieved better performance 
ofTSS removal compared to HRTwith flow rates of70 Lid and 100 Lid. Consequently, 
gradual decline in performance of TSS removal efficiency was observed with gradual 
increase in OLR and decrease in HRT. 
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Table 4.8: Phase II-Statistical Analysis (ANOVA) and multiple comparison for effect 
ofHRT on TSS performance 
New to MATLAB? Watch this Video. see Demos. or read Getting Started. 
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4.5.3 Phase II results for the removal of nitrogen 
In wastewater treatment process, nitrogen could be removed either through assimilation 
into the biomass or by biological nitrification under aerobic conditions and 
denitrification process under anoxic conditions by maintaining depleted levels of 
oxygen concentration [84]. In modem decades, biological nitrification-denitrification 
process has been commonly used for ammonia-nitrogen and TN removal [318]. This 
process involves two stages: 
(a). Conversion of ammonium into nitrate as nitrification process; and 
(b). Subsequent transformation of nitrate to nitrogen gas as denitrification [122]. 
Removal of ammonia-nitrogen, nitrate-nitrogen, TKN and TN are presented in this 
Section. Ammonia-nitrogen, TKN, and TN were monitored in influent, E-AER-C and 
E-CLR. Nitrate-nitrogen was monitored in influent, E-ANX-C, E-AER-C, and E-CLR. 
4.5.3.1 Phase II results for removal of Ammonia-nitrogen 
Nitrification performance of the system was assessed based the removal of ammonia-
nitrogen. Dissolved oxygen above 2 mg/L is required for nitrification process. 
Nitrification process is an autotrophic process where nitrifying bacteria utilize oxygen 
at a much slower rate than heterotrophic bacteria utilizes oxygen in the removal of 
carbonaceous organic matter [142]. NitrifYing bacteria are primarily obligate 
autotrophs, which consume carbon dioxide as their primary carbon source, and obligate 
aerobes, which require oxygen to grow [319]. Profile for the trend and transformation 
of the ammonia nitrogen concentration in the reactor system is presented in Figure 4.35. 
The graph shows the ammonia-nitrogen concentration in influent, RAS and E-CLR, 
and ammonia loading rate (ALR) for phase II. Phase II study was conducted in 
162 days. Throughout the duration of the phase II study, minimum, maximum, average 
value and standard deviation for an influent feed of the ammonia nitrogen concentration 
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Figure 4.35: Ammonia-Nitr. Cone. Infl., Return Activated Sludge, Effl.-Clarifier 
and Ammonia Loading Rate vs Sampling Days 
Evaluation of system for performance on nitrification efficiencies (TJN) and 
nitrification rates (fN) was carried out in phase II. Estimation of11Nwas done based on 
the difference of influent and effluent ammonia nitrogen concentration according to 
Equation 3.26. Calculations for the observed fN were done based on total mass of 
ammonia nitrogen (mg) removed with respect to ML VSS (g) existing in the AER-C 
expressed as mg NH4-N/g VSS d according to Equation 3.29. Although, the formation 
of ammonia-nitrogen is expected from the oxidation of organic matter in the AER-C, 
however, it is expected the ammonia-nitrogen is reduced to nitrate, which is 
subsequently reduced to nitrogen gas in ANX-C. The results interpretation for 
Figure 4.35 is detailed according to Figure 4.36, where influent, effluent ammonia 
nitrogen and nitrification efficiency are plotted from phase II-A through phase II-D. 
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Figure 4.36: Steady state results for Ammonia Nitrogen Cone. in Infl., Effl.-
Clarifier and Nitrification efficiency vs. Phases 
In phase II-A, there were fluctuations observed durin~ the start-up process from 
days 1 to 22, which could be due to acclimatization and adaptation process of the micro 
organisms. Nitrifiers are slow growers, hence need an enabling environment for 
effective growth. Between days 24 to day 50, steady state was observed. Observed 
average value and standard deviation for the ammonia loading rate (ALR) during the 
st~.a,gy ~tilt~ p~riod observed between days 24 to day 50 was 16.6±0.6 mg NH3-N/m3 d. 
ALR represents the ammonia nitrogen load in the influent in relation to the volume of 
AER-C. The operation with this ALR yielded average value and standard deviation for 
the E-CLR as 1.5±0.1 mg/L with observed llN of 96.8±0.2 %. The corresponding 
influent ammonia nitrogen concentration was observed to be 46.1±1.6 mg/L as an 
average value and standard deviation. The experimental influent COD/N ratio for the 
steady state period based on influent TN concentration was observed to be 17 .4, with 
observed fN average value and standard deviation of 6.2±0.5 mg NH3-N/g VSS d. 
According to Carrera et al. [122], COD/N affects fN as a result of competition for 
substrate between heterotrophic and autotrophic bacteria. An observed increase was 
noticed in the E-CLR from the measured ammonia nitrogen supernatant in RAS 
obtained as 1.1±0.2 mg/L. This could likely be due to the conversion of organic nitrogen 
to ammonia nitrogen in the CLR considering a large amount of biomass present. 
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In phase II-B, a drop in concentration was observed in the E-CLR on day 52 when 
the monitoring of effluent aerobic AD-C started. The influent and E-CLR average 
values were observed to be 40.8 mg/L and 1.17 mg/L, respectively. This occurrence 
could be caused by the dilution effect from the EAD sludge into the AER-C, which was 
expected to contain little or no ammonia nitrogen in anticipation of full oxidation of 
ammonia-nitrogen to nitrate. It can be observed that the operation of AD-C has affected 
the stability of COD and TSS between days 50 to day 73 due to probable solids from 
the operation of AD-C before stabilization. However, this has not been observed for the 
trend with ammonia nitrogen. Between days 57 to day 87, steady state was observed 
with E-CLR average value and standard deviation of 1.6±0.1 mg/L. Similar 
phenomenon for an increase in ammonia nitrogen concentration was observed, where 
RAS ammonia nitrogen of 1.2±0.2 mg/L was observed. The average value and standard 
deviation for ALR after the steady state with aerobic digestion was observed as 
17 .4± 1.3 mg NH3-N/m3 d. The corresponding influent ammonia nitrogen concentration 
was observed as 48.5±3.6 mg/L. The observed TJN was 96.8±0.1 %, and lN was observed 
to have average value and standard deviation of 6.2±0.5 mg NH3-N/g VSS d. 
Corresponding influent COD/N ratio was observed to be 12.5. IR ratio of 3 for phase 
II-A and 6 for phase II-B were not seen to influence performance of ammonia nitrogen 
removal efficiency. 
In phase II -C, the operation was performed between days 87 to 131 with increased 
flow rate from 45 Lid in phase II-B to 70 Lid in phase II-C. There was an observed 
fluctuation between days 89 and day 103, which could be due to increased flow and 
reduced HRT. AER-C was observed to be 42.8 hours and system HRT of 
1.43 days. HRT in phase II-B for AER-C was observed to be 66.7 hours, with system 
HRT of 5.89 hours. Between day 73 to day 131, steady state was observed, with 
operated ALR having average value and standard deviation of29.9±2 mg NH3-N/m3 d 
and influent concentration average value and standard deviation of 53.5±3.5 mg/L. 
Corresponding E-CLR average value and concentration of2.2±0.1 mg/L was observed, 
and 95.8±0.2 % TJN was achieved. The concentration of RAS supernatant ammonia 
concentration was observed to be 1.8±0.2 mg/L, which can be seen to be lower than the 
E-CLR concentration, signifying probable conversion of organic ammonia to ammonia 
nitrogen. Influent COD/N ratio was observed to be 21.4 and lN was observed to have 
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An average value and standard deviation of 9.8±0.7 mg NH3-N/g VSS d. It was 
observed that operation of IR ratio of 6 and 3 between day 89 to day 110, and days 113 
to 131 was not seen to impact on ammonia nitrogen removal efficiency. 
In phase li-D, the flow rate of 100 Lid was operated and HRT reduced from phase 
II-C operation to 1.25 days for the system and 30 hours for the AER-C. Between day 
89 to day 141, instabilities in steadiness were observed possibly due to increase in ALR. 
Between days 143 to 162, steady state was observed. At steady state, the average value 
and standard deviation for 'llN was observed to be 94.7±0.18 %, with corresponding 
influent and E-CLR average concentrations values and standard deviation of 54.7±3.2 
and 2.86±0.1 mg!L, respectively. Slight increase in ammonia nitrogen concentration 
was observed from RAS, where RAS observed concentration had average value and 
standard deviation of 2.29±0.1 mg/L. Corresponding ALR was observed to be 
43.8±2.3 mg NH3-N/m3 d. The influent COD/N ratio was observed to be 5.6, where fN 
was observed to have average value and standard deviation of 
11.4±2 mg NHJ-Nig VSS d. The range for fN values obtained in present study is 
comparable with other various wastewater types reported in literature as shown in 
Table 4.9. Typically, nitrification rate was observed to rise with increase in OLR which 
could be responsible in gradual increase in ammonia-nitrogen and organic matter 
concentration. Although, parameters such as DO and alkalinity addition to maintain 
neutral pH were sustained at average of 4.5±0.3 of7.6±0.1 as discussed in Section 4.4.4. 
Table 4.9: Specific nitrification rates reported for different wastewater 
Type of wastewater fN (mg NH3-N/g VSS d) Reference 
Dairy farm wastewater 2-12 [132] 
Synthetic wastewater 13-31 [132] 
Domestic sewage 30-180 [29] 
Piggery wastewater 12-17 [320] 
Beverage wastewater 6-11 This study 
A statistical analysis (ANOV A) was conducted on the effluent clarifier ammonia 
nitrogen results obtained from the experimental data. At 95% confidence level, the 
result has shown significant difference (P<0.05) between the mean values of the 
concentration at respective HRT's (Table 4.10), where the results indicated that mean 
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value for HRT with flow rate of 45 Lid was lower than the mean values of other flow 
rates having 70 Lid and 100 Lid. Hence, HRT with a flow rate of 45 Lid achieved better 
performance of nitrification performance compared to HR T with flow rates of 
70 Lid and 100 Lid. 
Table 4.10: Phase n..:statistical Analysis (ANOVA) and multiple comparison for 
effect ofHRT on Ammonia-Nitrogen performance. 
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2.0000 -0.8670 -0.7044 -0.5419 
3.0000 -1.4392 -1.2767 -1.1142 











4.5.3.2 Phase II results for removal of nitrate-nitrogen 
For denitrification process to occur, nitrate, COD, and denitritying bacteria are required 
in an anoxic environment with pH values ranging between 6 and 9. Most denitritying 
bacteria are heterotrophic and require an organic carbon source for cell growth and 
nitrate reduction [321]. The characteristics of the added carbon source have been found 
to have major effects on important parameters of the denitrification process such as the 
denitrification rate, kinetics, and COD demand [322]. The biological denitrification of 
wastewater depends on a number of factors, such as the highest nitrate concentration 
that the microorganisms can tolerate and availability of organic carbon [323]. 
Combining anoxic and aerobic units with nitrate recycle has been commonly used 
for nitrogen removal in full-scale wastewater treatment plants [324]. In an anoxic 
reactor receiving wastewater influent and recycled flow with nitrate, the denitrifiers use 
the organic carbon in the influent as the electron donor and the nitrate as the electron 
acceptor, releasing nitrogen into the atmosphere. This process may remove up to 80 % 
of the NOJ-N when a 400% recycle rate is used [84]. 
Nitrate-nitrogen was sampled from the influent, E-ANX-C, E-AER-C (IR) and 
E-CLR. Nitrates into ANX-C were determined based on combined flow from influent, 
IR and RAS flow nitrate-nitrogen concentrations according to Equation 3.27. 
Denitrification process in the ANX-C was achieved through recycling of the nitrates 
formed in the AER-C during the nitrification process. Denitrification performance was 
assessed based on denitrification efficiency (TJD) and specific denitrification rates 
Calculations to determine ro was realized from obtaining the ratio of the difference of 
nitrate mass entering and leaving the ANX-C and ML VSS mass (g) in ANX-C 
expressed as mg NOJ-N/g VSS d according to Equation 3.28 and Equation 3.30 
(Table 3.7, Section 3.6). Detailed analysis is contained in Appendix E (Table El.l). 
In this study, influent wastewater was utilized as a biodegradable carbon source for 
denitrification. Hence, ratio of COD consumed to nitrate reduced (~COD/ ~03-N) was 
estimated for each steady state of the OLR. Profile for nitrate-nitrogen concentration in 
the E-AER-C and E-CLR are shown in Figure 4.37. Figure 4.38 shows trend for nitrates 
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Figure 4.38: Nitrate into Anoxic and Effl-Anoxic nitrate Cone. vs Sampling Days 
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Influent nitrate-nitrogen concentration throughout phase II was observed to have 
average value and standard deviation of 0.4±0.1 mg/L. This is expected considering 
nitrate from food and beverage industry is only generated from oxidation of ammonia-
nitrogen by nitrifiers. As can be seen from Figure 4.37, it can be observed that the 
accumulation of nitrate-nitrogen in the AER-C increases with a rise in the OLR from 
phase II-A through phase II-D. Interpretation of steady state results according to 
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Figure 4.39: Steady state results for Infl, Infl.-Anoxic, Effl.-Anoxic, Effl-
Aeration, and Effl.-Clarifier nitrate Cone. vs Phases 
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In phase 11-A, the operation was performed with an influent flow rate of 45 Lid and 
internal recycle ratio of3 (135 Lid). IRratio of3 was considered to stabilize the reactor 
in anticipation to allow for slow nitrifier growth. Initially, the E-CLR nitrate_at startup 
was very low which could be due to anoxic might denitrify all the limited E-AER-C 
nitrate concentration. However, probably due to the non-wasting of biomass and 
maintaining high AER-C HRT of 66.7 hours, nitrate nitrogen concentration from 
E-AER-C on day 17 was observed to have average value of35. 7 ing/L, with equivalent 
E-CLR average values of 11.5 mg/L. Steady state was observed between day 19 to 
day 50 with average value and standard deviation for E-CLR nitrate-nitrogen observed 
as 10.9±0.4 mg/L. Equivalent influent and E-AER-C nitrate concentration were 
observed to be 0.38±0.1 mg/L and 34.9±1.1 mg/L, respectively. Based on combined 
flow, influent ANX-C, and E-ANX-C nitrate-nitrogen concentrations were observed to 
be 31.9±0.36 mg/L and 0.44±0.04 mg/L, respectively. The nitrogen loading rate was 
determined as 0.25±0.5 g N03-N/d. Specific denitrification rate (rn) was observed to 
have average value and standard deviation of 94.8±17.9 mg N03-N/g VSS d. In the 
ANX-C, average value and standard deviation for specific COD removal rate of 
0.304±0.08 mg COD/mg VSS d was observed, where equivalent ~COD/ ~03-N ratio 
was observed to be 22.4±5.9. The denitrification percentage (llD) based on efficiency 
derived from ANX-C was observed to be 98.6±0.11 %. 
In phase 11-B, the operation was done with IR ratio of 6 corresponding to IR flow 
of270 Lid. Aerobic digestion started on day 50, where from days 52 to 57 an observed 
accumulation in nitrate-nitrogen concentration in E-AER-C and E-CLR was observed. 
The peak nitrate nitrogen concentration was observed on day 57 to have 
E-AER-C and E-CLR average values of 37.3 mg/L and 13.3 mg/L, respectively. 
Increase in nitrate nitrogen observed could be due to EAD resulting from oxidation of 
ammonia nitrogen from digested sludge. Between days 59 to 87 steady state was 
observed with an average value and standard deviation for E-CLR nitrate-nitrogen 
concentration of 11.7±0.9 mg/L. Corresponding influent and AER-C nitrate nitrogen 
concentration were observed as 0.36±0.07 mg/L and 34.7±0.6 mg/L, respectively. 
Nitrate nitrogen into ANX-C and E-ANX-C were observed to be 32.3±0.6 mg/L and 
0.44±0.01 mg/L, respectively. Nitrate loading rate into the ANX-C during the steady 
state was observed to be 0.27±0.06 g N03-N/m3 d. The llD percentage based on llD 
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derived from ANX-C performance was observed to be 98.7±0.03 %. The rn was 
observed as 95.9±2.2 mg NOJ-Nig VSS d. In the ANX-C, where the specific COD 
removal rate of 0.28±0.08 mg COD/mg. VSS. d was determined, the ANX-C 
~COD/~NOJ-N ratio was observed to be 22.5±6.4. On the quality perspective, there 
was an operational problem due to malfunction of the ANX-C mixer between days 73 
to 75 was observed~ with detected high effluent nitrate observed having average values 
in the E-CLR recorded as 14 mg/L and 10.9 mg/L, respectively. Accumulation due to 
nitrate concentration was also observed in similar days 73 and 75, with the AER-C 
nitrate concentration rising to values of36.9 mg/L on day 73 and 35.9 mg/L on day 75. 
Although, mixing was resorted and achieved manually pending rectification on day 75. 
In phase II-C, the flow rate was increased to 70 Lid for the operation and two 
regimes ofiR ratio of6 between days 89 to 113, and IR ratio of3 between days 113 to 
131 were operated to determine the impact on the denitrification efficiency. At steady 
state between days 1 01 to 131, overall average value and standard deviation for llD of 
98.8±0.05% was observed. The influent nitrate, E-AER-C, and E-CLR were observed 
as 0.36±0.1mg/L, 39.9±2.4 mg/L and 14.8±2.4 mg/L, respectively. Nitrate loading rate 
into the ANX-C was observed to be 0.38±0.06 g NOJ-N/m3d. For the ANX-C 
denitrification, the concentration of nitrates into ANX-C and E-ANX-C were observed 
as 37.6±1.84 mg/L and 0.46±0.04 mg/L, respectively. The IN, specific COD removal 
rate in ANX-C and ~COD/ ~OJ-N ratio were observed to have average values and 
standard deviation of 145±3.5 mg NOJ-Nig VSS d, 0.35±0.13 mg COD/mg. VSS d 
and 17.1±5.9, respectively. Distinctively, based on the individual performances, theIR 
ratio of 6 (IR flow of 420 Lid) was observed to have average value and standard 
deviation for llD of 98.8 ±0.1 %, with E-CLR average nitrate concentration value and 
standard deviation of 12.4±0.4 mg/L and effluent AER-C nitrate concentration of 
37.5±0.3 mg/L. Based on combined flow, I-ANX-C and E-ANX-C nitrate 
concentration were observed to have average and standard deviation values of 
35.9±0.3 mg/L and 0.44±0.03 mg/L, respectively. On the other hand, IR ratio of 3 
corresponding to IR flow of 210 Lid was observed to achieve llD of 98.7±0.4 %. 
However, with an observed rise in E-AER-C and E-CLR nitrate concentration, which 
was observed with an average value and standard deviation of 42.4±0.5 mg/L and 
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17.2±0.23 mg/L, respectively. This phenomenon could be due to nitrate concentration 
build up in the AER-C without attempts to denitrify it. The combined nitrate into the 
ANX-C and E-ANX-C was observed to have average and standard deviation values of 
39.6±0.5 mg/L and 0.45±0.04 mg/L, respectively. The equivalent influent was observed 
to be 0.33 ±0.12 mg/L as an average value and standard deviation. Comparing .. 
denitrification performance between IR ratio of 6 and IR ratio of 3, 28.1 % higher 
efficiency was derived from IR ratio of 6 with difference in E-CLR nitrate concentration 
observed as 4.84 mg/L. 
Phase II-D was operated with a flow rate of I 00 L/ d and IR ratio of 6, corresponding 
to flow rate of600 Lid and RAS flow of 50 Lid. Between days 101 to 131, steady state 
was observed, and the nitrate loading was observed to have average value and standard 
deviation of 0.57±0.1 g N03-N/m3d. For the steady state, E-CLR nitrate-nitrogen 
concentration of 13.9±0.2 mg/L was observed. This corresponds to influent and 
E-AER-C nitrate nitrogen concentration observed with an average value and standard 
deviation as 0.47±0.1 mg/L and 40.8±0.4 mg/L, respectively. Nitrate nitrogen into 
ANX-C and E-ANX-C were observed to be 39±0.34 mg/L and 
0.5±0.03 mg/L, respectively. llD percentage based on ANX-C performance was 
observed as 98.7±0.09%. ro was observed as 158±17 mg N03-N/g VSS d. In the 
ANX-C, specific COD removal rate and L'lCOD/LlN03-N ratio in ANX-C were 
observed with average value and standard deviation of0.29±0.12 mg COD/mg VSS d 
and 13.4±5.1, respectively. 
The nature of carbon source has intense effect on ro, where higher rates are easily 
achieved with biodegradable forms [173, 325]. Various studies have reported ro values 
for some carbon sources such as 56 and 146 mg N03-N/g VSS d for methanol 
[326-328], 65 mg N03-N/g VSS d for glucose [329], 16 to 603 mg N03-N/g VSS d for 
acetate [330], and 18 mg N03-N/g VSS d for starch [326]. The ro achieved in this 
research with beverage wastewater in addition to recycle sludge as carbon source for 
denitrification, were relatively within the range compared to other reported values of 
60 to 170 for some beverage wastewater obtained from other studies [30, 331]. 
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Four scenarios were tested for the nitrate nitogen concentration using statistical 
analysis (ANOV A) and multiple comparison ad hoc tests from results obtained in 
experimental data. 
a. First scenerio: This scenario considered effect of HRT and OLR on effluent 
clarifier nitrate concentration based on related conditions (flow rates of 45, 70 
and 100 Lid with constant IR ratio 6 operated). 
b. Second scenario: This was based on varied IR ratio of 6 and 3 operated during 
phase II-C, with constant influent flow rate of 70 Lid, which was to observe 
effect of HRT on denitrification performance for the E-ANX-C nitrate 
concentration. 
c. Third scenario: This scenerio was to check effect of HRT on performance of 
effluent-anoxic chamber nitrate-nitrogen with constant IR ratio of 6, using three 
regimes of flow rates (45, 70 and 100 Lid). 
d. Fourth scenario: This scenerio tested denitrification performance in phase II-C, 
with constant HRT and varied IR ratio of 6 and 3, from effluent anoxic chamber 
nitrate-nitrogen concentration. 
The result for first scenario indicated that at 95% confidence level, there exist a 
significant difference (P<0.05) for effluent clarifier nitrate nitrogen concentration, 
based on increase in OLR, reduction of HR T, and constant IR ratio of 6 (Table 4.11 ). 
Consequently, result for multiple comparison has shown that mean value for effluent 
clarifier nitrate with IR ratio of 6 and flow rate of 45 Lid had lower mean nitrate 
concentration compared to other effluent clarifier nitrate concentrate with flow rates 
having 70 Lid and 100 Lid, respectively. The increase in effluent clarifier nitrate 
nitrogen concentration could be due to increase in nitrate loading rate from oxidation 
of organic matter in aeration chamber, which likely resulted active decrease in contact 
time for denitrification process performance. 
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Table 4.11: Statistical Analysis (ANOV A) and Multiple Comparison for Effect of 
Hydraulic Retention Time on Effluent Clarifier nitrate-nitrogen performance 
0 New to MATLAB? Watch this Video. see Demos. or read Getting Started. 
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Second scenario was operated with constant flow rate of 70 Lid and varied IR ratio 
of 6 and 3. Result has shown that at 95% confidence level, effluent clarifier nitrate 
concentration was significant (P<0.05), which was operated with relatively constant 
OLR and HRT (Table 4.12). Subsequently, on multiple comparison results indicated 
that the mean value for effluent clarifier nitrate concentration with IR ratio of 6 having 
flow rate of 45 Lid, was lower than the mean value for effluent nitrate concentration 
operated with IR ratio of 3 at 70 Lid. Hence, it can be concluded that effluent clarifier 
nitrate concentration operated with IR ratio of 6 achieved better denitrification 
performance compared to effluent clarifier nitrate concentation operated with IR ratio 
of3. 
Similar reason can be referred where increase in effluent clarifier nitrate nitrogen 
concentration could be due to increase in the nitrate rich mixed liquor transfer rate into 
anoxic chamber from oxidation of organic matter in aeration chamber, which might 
lead to effective reduction in contact time to perform denitrification activity, as well 
increase in nitrate nitrogen capture from effluent aeration chamber which could escape 
into the clarifier, where some part will be released in effluent clarifier, while part would 
be returned to anoxic chamber via RAS for denitrification and recharge of biomass in 
the activated sludge system. Thus, it was observed that effluent clarifier nitrate 
concentration decreases with decrease in IR ratio. 
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Table 4.12: Statistical Analysis (ANOVA) and Multiple Comparison for Effect of 






qn.A.'!>'!':s: {:xl ch4rl 
n: (7 7} 
:s-·~U:.:C.I!.: '"4r1-'5\"ll!. ,.. 
'df' 
[ ! J 



















Results for third scenario have shown significant difference (p<0.05) in effluent-
ANX nitrate nitrogen concentration for the ANOV A tested at 95 % confidence interval 
(Table 4.13). The multiple comparison stats further confirmed that the highest HRT 
equivalent to lowest OLR operated with flow rate of 45 Lid was observed with lowest 
E-ANX-C nitrate concentration compared to other flow rates of 70 and 100 Lid 
operated at constant IR ratio of 6. 
Table 4.13: Statistical Analysis (ANOVA) and multiple comparism for Effect of 
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Therefore, it can be concluded that HRT had effect on effect on effluent-ANX nitrate 
concentration, however, not to large extent which could be due to increase in ANX-C 
ML VSS concentration to enhance denitrification activity. 
Results for fourth scenario were tested for ANOV A and multiple comparison at 
95% confidence interval. Performance based on constant HRT and OLR and varied IR 
ratio was assessed. It was observed that there was no significant difference (P>0.05) for 
E-ANX-C nitrate nitrogen concentation, and based on multiple comparison of mean 
values for E-ANX-C nitrate nitrogen concentration, similar E-ANX-C nitrate nitrogen 
concentration for IR ratio of 6 and 3 were obtained (Table 4.14). 
Table 4.14: Statistical Analysis (ANOVA) and Multiple Comparison for Effect of 
Same Hydraulic Retention Time and varied Internal recycle ratio on Effluent Anoxic 
nitrate-nitrogen Performance 
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The condition with similar E-ANX-C nitrate nitrogen concentration could be due to 
system operation with constant HRT and OLR, where denitrification was consistent at 
the operated IR ratios of 6 and 3, but effluent clarifier nitrate nitrogen concentration 
was observed to vary, which could be due to varied IR ratio that could affect nitrate 
nitrogen concentration in aeration chamber and effluent clarifier. 
4.5.3.3 Phase II results for removal ofTotal nitrogen and Total lgeldahl nitrogen 
Samples were obtained from influent and E-CLR of the reactor to determine TN and 
TKN. The objective was to compare TN with contribution of its respective nitrogen 
forms in effluent such TKN, ammonia nitrogen, nitrate nitrogen and nitrite. Quality 
checks were performed on the effluent sample for nitrite concentration to ensure there 
was no nitrite accumulation in the reactor. The influent and effluent data for nitrogen 
forms were used to assess the composition of nitrogen forms at each steady state. Total 
nitrogen (TN) comprises both organic and inorganic (ammonium, nitrate and nitrite) 
forms [82]. 
Average daily concentrations and standard deviations for TKN, ammonia nitrogen, 
nitrite, nitrate and TN in influent and effluent clarifier are plotted in Figure 4.40 and 
steady state data for the duration is shown in Figure 4.41. The accurate nitrogen mass 
balance could not be established because nitrogen was not measured from sludge. 
However, the data is to establish the composition of nitrogen forms both in influent and 
effluent. 
From the time series plot in Figure 4.40 and values for the steady state in 
Figure 4.41, it can be seen that the influent TN and TKN concentration for the duration 
in phase II ranges between 68.4 mg/L to 88.4 mg/L, and 67.7 mg/L to 87.7 mg/L, 
respectively. In influent, it can be observed that TN concentration were similar to TKN 
concentration for phase II-A through phase II-D. The difference was seen to come from 
the influent nitrate concentration, which ranges between 0.3 mg/L to 0.4 mg/L. 
Presence of nitrate in influent could probably be due to transportation of the wastewater 
in pipeline or storage in balance tank, where in transition and during mixing 
microorganisms could likely he induced to tranform some metabolic .activities. 
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Equivalent TN and TKN concentrations in the effluent clarifier ranges between 10.6 to 
19.7 mg/L, and 1.4 to 3.0 mg/L respectively. The removal efficiency of TN between 
76.8 to 83.7% was achieved (Figure 4.41), where effluent nitrate concentration was 
between 59.4 to 66.9 % of the TN concentration. However, cocnsistent removal of 
nitrate was achieved from E-ANX-C above 98%. The trend can be seen from graph of 



















~ c ........ 
0 
0 









• e \ L .•... ~-- ··•-··•'-.·•····~;,··• ot<iictie'«cfie 
*"fi..a«.o:•<i.'<ii..~tiilf..•._r.:'fl.ih..««fi..*t'itl.t'io:«•"- ••·•••-•••·•"'•·'II.""·'-•~· " ·•· · · ··· 
10 20 30 40 50 60 70 80 90100110120130140150160 
Sampling days 
----Influent TN 8 Influent TKN 




























Figure 4.40: Profile for Total nitrogen cone. forms in infl. and eff. vs Sampl. Days 
Throughout phase II, it was observed that influent organic nitrogen assessed from 
TKN and ammonia-nitrogen constituted average percentage value for TKN of 37 %, 
which corresponds to average value and standard deviation 29.3±3.8 mg/L, while 
influent TKN constitutes an average percentage of 63.4 % with an average value and 
standard deviation observed as 80±9.4 mg/L. The influent ammonia nitrogen was 
observed to have average and standard deviation o 50.7±5.7 mg/L. Conversely, effluent 
TN and TKN were observed to exhibit a different pattern, where it was observed that 
effluent TN had more content of nitrate nitrogen of up to 85 %. The equivalent effluent 
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TN and nitrate nitrogen were observed to have concentration with average value and 
standard deviation of 15±3.1 mg/L and 13±2.6 mg/L, respectively. 
It was observed that the effluent concentration ofTKN and ammonia nitrogen were 
also similar. The average value and standard deviation for TKN and ammonia nitrogen 
were observed to be 2.1±0.7 mg/L and 2.1±0.6 mg/L, respectively. Effluent organic 
nitrogen was observed to be approximately 3 %of the TKN concentration. The effluent 
organic nitrogen was observed to have average value and standard deviation of 
0.1 mg/L. Effluent nitrite was measured and concentration throughout the experimental 
period was observed have average value and standard deviation of 0.06±0.02 mg/L. 
As can be seen in phase 11-C as shown in Figure 4.40, the effect ofiR can be seen 
on TN and nitrate removal but not on ammonia nitrogen removal. Removal of ammonia 
nitrogen ranges between 98.6 to 98.8 %, as such nitrification efficiency was observedd 
to be consistent. When IR was set to 6 between day 89 to day 110, effluent TN and 
nitrate nitrogen concentrations were observed with average concentration value and 
standard deviation of 14.4±0.3 mg/L and 12±0.3 mg/L. Between day 113 to day 131 
when IR was set to 3, effluent TN and nitrate nitrogen concentrations were observed 
with average concentration value and standard deviation of 19.7±0.3 and 17±0.1 mg/L, 
respectively. Hence, it was observed the IR of 6 with recycle flow of 420 Lid has 
provided 26 % and 30 % additional performance in TN and nitrate-nitrogen removal 
efficiency, than it was observed during operation with IR of 3 (IR flow of 210 Lid). 
There was no significant impact seen on the effect of IR flow on ammonia nitrogen 
removal. For the ANX-C and AER-C HRT operated, effluent ammonia nitrogen 
concentration was observed with IR of 6 (IR flow of 420 Lid) with an average value 
and standard deviation of 2.4±0.2 mg/L. Consequently, when IR of 3 was operated 
effluent clarifier ammonia nitrogen concentration was observed with an average 
concentration and standard deviation of 2.39±0.3 mg/L. The equivalent influent 
ammonia nitrogen concentration for IR 6 and IR 3 were observed to be 55.8 mg/L and 
53.9 mg/L, respectively. Detailed nitrogen inventory for the steady state and operational 
conditions in both influent and effluent clarifier is shown in Figure 4.41. 
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Figure 4.41: Steady state results for Infl. and Effl. Nitrogen Inventory and 
Removal Efficiency vs Phases 
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4.5.3.4 Phase II summary of operation, control parameters and performance data 
Phase II-A was achieved between days 1 to 50. The influent flow rate operated was 
45 Lid, RAS flow of 35 Lid (RAS ratio = 0.8) and IRQ of 135 Lid (IR ratio = 3). This 
was the start-up phase, where long HRT of 5.89 days was operated in expectation to 
avoid biomass washout. The RAS ratio of0.8 was operated. Steady state was observed 
between days 57 to 87. Average and standard deviation values for MLSS concentrations 
in ANX-C, AER-C and RAS were 3565±229, 3113±102, and 6142±246 mg/L, 
respectively. The operation was performed in a suspended growth mode during the 
entire period ofthe study. 
Phase li-B was achieved between days 52 to 87. The operation was carried out with 
an influent flow rate of 45 Lid, RAS flow of 270 Lid (RAS ratio= 0.8) and IRQ of 
270 Lid (IR ratio = 6), to include start-up of sludge digestion monitoring. i-SGBR 
system SRT was 39.7±1.7 days and aerobic digester was operated for 10 days SRT. 
Steady state was observed for the operation between days 57 to 87, with average and 
standard deviation values for MLSS concentration in ANX-C, AER-C, and RAS as 
3454±68 mg/L, 3191±143 mg/L, and 6209±199 mg/L, respectively. HRT for ANX-C, 
AER-C and AD-C were 21.0 hrs, 66.7 hrs, and 24 hrs, respectively. The average OLR 
operated for ANX-C and AER-C during were 1.34±0.68 kg COD/m3.d and 
0.21±0.03 kg COD/m3 .d. F 1M ratio in AER-C was 0.04±0.0 1 kg COD/kg ML VSS d. 
Phase II-C was operated with an influent flow rate of70 Lid, RAS flow of 35 Lid 
(RAS ratio= 0.5), two IRQ regimes of 420 Lid (IR ratio =6) and 210 Lid (IR ratio= 3). 
Sludge digestion was included and collectively achieved between days 89 to 131. 
i-SGBR system SRT was 38.9±1.7 days and aerobic digester was operated at 10 days 
SRT. i-SGBR system HRT operated was 1.43 days. The corresponding HRT operated 
for ANX-C, AER-C and AD-C were 13.7 hrs, 42.8 hrs, and 24 hrs, respectively. Steady 
state for the operation was observed between day 57 to day 87. Average OLR operated 
for ANX-C and AER-C were 2.26±0.46 kg COD/m3 d and 0.33±0.03 kg COD/m3 d, 
respectively. The AER-C F/M ratio was 0.05±0.01 kg COD/kg ML VSS d. The average 
and standard deviation values for MLSS concentration in ANX-C, AER-C, and RAS 
were 3691±73 mg/L, 3479±136 mg/L, and 7097±127 mg/L, respectively. 
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Phase li-D operation was achieved between days 134 to 162 with an influent flow 
rate of 100 Lid; RAS flow rate of 50 Lid (RAS ratio = 0,5) and IRQ of 600 Lid 
(IR ratio= 6) to include sludge digestion. i-SGBR system SRT was 38.3±3.2 days and 
aerobic digester was operated at 10 days SRT, and i-SGBR system HRT operated was 
1.25 days. The corresponding ANX-C, AER-C and AD-C HRT operated were 9.6hrs, 
30 hrs, and 24 hrs, respectively. Steady state for the operation was observed between 
days 143 to 152. Average ANX-C and AER-C OLR operated -were 
3.05±0.52 kg COD/m3.d and 0.50±0.06 kg COD/m3.d, respectively. The AER-C FIM 
ratio was 0.06±0.01 kg COD/kg ML VSS d. The average and standard deviation values 
for MLSS concentration in ANX-C, AER-C, and RAS were 5101±232 mg/L, 
3745±96 mg!L, and 12,252±647 mg!L, respectively. Between day 155 to day 162, 
biomass was build up, whereAER-C MLSS concentration of5,473 mg/L was achieved 
on day 159. The summary for actual operational conditions discussed for 
phase II are presented in Table 4.15, summary of pH, temperature and DO operational 
parameters are contained in Table 4.16, and summary of data for COD, sCOD, BODs, 
and TSS are contained in Table 4.17 and summary of data for TN, TKN, NH3-N, 
N03-N in Table 4.18. 
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Table 4.15: Phase II results for i-SGBR operational parameters 
Phase II 
Experimental sub-phase II-A II-B II-C II-D 
(Start-up 
period) 
Experiment period (days) 1-50 52-87 89-131 134-162 
Flow rate, QINF, (Lid) 45 70 100 
Hydraulic retention time 8ANX-C, HRT 21.0 13.7 9.6 
(hours) 
Hydraulic retention time 8AER-C, HRT 66.7 42.8 30 
(hours) 
Hydraulic retention time 8r-SGBR, HRT 5.89 1.78 1.25 
(days) 
Hydraulic retention time, aerobic digester, - 24hrs 
8AD-C 
Hydraulic retention time, Clarifier, ecLAR 2.22 1.43 1.00 
(days) 
Organic loading rate, (OLR), ANX-C, (kg 1.34±0.68 2.26±0.46 3.05±0.52 
COD/m3.d) 
Organic loading rate, (OLR), AER-C, (kg 0.21±0.03 0.33±0.03 0.50±0.06 
COD/m3.d) 
F/M ratio for AER-C, kg COD/m3. d 0.04±0.01 0.05±0.01 0.06±0.01 
Solids retention time 8c, SRT (days) 40.8±1.4 39.7±1.7 38.9±1.7 38.3±3.2 
Solids retention time ec, SRTAn-c (days) - 10 




Internal recycle flow, QrNF *IR, (Lid) 135 270 420& 600 
210 
Vol. Pumped in each cycle (12 cycles), (L) 11 23 35 18 50 
Pumping duration, (minutes) 1.0 2.0 2.5 1.5 4.0 
SVI, (mL/g) 157±6.6 148±5.4 132±4.7 92±17 
MLSS concentration, ANX-C, mg!L 3449±54 3511±88 3691±73 4918±92 
ML VSS concentration, ANX-C, mg!L 2672±93 2996±273 3061±103 4322±93 
MLSS concentration, AER-C, mg!L 3113±102 3191±143 3479±136 3745±96 
ML VSS concentration, AER-C, mg!L 2711±103 2770±151 2958±135 3212±69 
MLSS concentration in CLR, mg/L 6142±246 6299±133 7113±190 12,517±272 
ML VSS concentration, CLR, mg!L - 4798±131 5990±305 10,049±604 
Working RAS ratio, Ri = [X/(Xr-X)] 0.8 0.8 0.5 0.5 
Total RAS flow (RTotai) = (Ri) * QJNF, (L/d) 35 35 35 50 
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Table 4.16: Phase II results for pH, DO, and temperature 
Experimental Operational Parameter Measured values 
phases Period Chambe Max. Av.±SD Min. 
(days) r 
II-A 24-50 pH INF 6.8 5.89±0.7 4.2 
ANX-C 7.8 7.5±0.1 7.3 
AER-C 7.8 7.6±0.1 7.2 
AD-"C -" - ... 
DO (mg!L) ANX-C 0.28 0.23±0.02 0.18 
AER-C 5.75 4.48±0.3 3.76 
AD-C - - -
Temp. (0 C) AER-C 32.1 29.0±1.3 27.3 
II-B 50-87 pH INF 6.6 5.7±0.8 4.2 
ANX-C 7.6 7.4±0.1 7.3 
AER-C 7.7 7.6±0.1 7.3 
AD-C 7.3 7.1±0.1 6.8 
DO (mg!L) ANX-C 0.28 ·o.23±o.oJ 0.18 
AER-C 5.11 0.18±0.80 0.15 
AD-C 9.33 8.28±0.53 6.93 
Temp. CCC) AER-C 33.3 29.2±0.5 27.3 
II-C 87-131 pH INF 6.6 6.0±0.5 4.7 
ANX-C 7.7 '7.4±0~1 7.3 
AER-C 7.6 7.5±0.1 7.2 
AD-C 7.3 7.1±0.1 6.9 
DO (mg!L) ANX-C 0.27 0.24±0.02 0.21 
AER-C 5.02 4.51±0.28 4.09 
AD-C 9.11 7.99±0.51 7.08 
Temp. CCC) AER-C 32.5 30.0±1.1 28.6 
II-D 131-162 pH INF 6.8 6.3±0.4 5.3 
ANX-C 7.6 7.5±0.1 7.3 
AER-C 7.7 7.6±0.1 7.4 
AD-C 7.3 7.1±0.1 7.0 
DO (mg!L) ANX-C 0.27 0.24±0.02 0.21 
AER-C 4.92 4.42±0.27 4.06 
AD-C 8.99 8.47±0.38 7.80 
Temp. CCC) AER-C '32.7 29.1±1.2 '27.9 
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Table 4.17: Phase II results summary of steady state performance data for COD, sCOlD, and TSS 
Phase II SSP I SP I COD (mg/L) I sCOD I BODs I 'TSS I I Ratio 
Notes: SSP = Steady state period, SP = Sampling point, INF = Influent, E-ANX = Effluent anoxic charriber, E-AER = Effluent 
aeration chamber, RAS = Return activated sludge, E-CLR = Effluent clarifier, CO.[) = Total chemical oxygen demand, sCOD == 
Soluble chemical oxygen demand, BODs = Biochemical oxygen demand, and TSS =Total suspended solids 
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Table 4.18: Phase II results summary of steady state performance data for TKN, TN, Ammonia and Nitrate 





Notes: INF =Influent, 1-ANX = Influent anoxic chamber, E-ANX-C = Efluent anoxic chamber, E-AER '= Effluent aeration, 
E-CLR = Effluent clarifier 
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4.6 Phase III results for system operation and control parameters 
In Phase III operation was conducted between day 162 to 278. Five consecutive flow 
rates were operated corresponding to ANX-C and AER-C HRT's according to 
Table 4.19. The objective was to evaluate the influence ofHR T on reactor performance. 
Operation and control parameters monitored for i-SGBR system include MLSS, 
ML VSS, SVI, pH, DO, temperature, HRT, OLR, F/M, SRT, IRQ, and RAS flow. 
Table 4.19: Phase III i-SGBR system operational parameter 
Phase III 
Experimental stage III-A III-B III-C III-D III-E 
Experimental period 164-185 185-208 208-232 232-255 255-278 
(days) 
Flow rate, QrNF, (Lid) 100 110 120 135 150 
Hydraulic retention time 9.6 8.7 8.0 7.1 6.4 
8ANX-c, HRT (hours) 
Hydraulic retention time 30 27.3 25.0 22.2 20.0 
8AER-C, HRT (hours) 
Hydraulic retention time 2.65 2.41 2.21 1.96 1.77 
8r-SGBR, HR T (days) 
Hydraulic retention 1.00 0.91 0.83 0.74 0.67 
time, Clarifier, 8cLAR 
(days) 
In phase III-A, the experiment was carried out between day 164 to 185, phase III-B 
was achieved between day 187 to 208, phase III-C experiment was achieved between 
day 211 to 232, phase III-D was achieved between day 234 to 255, and phase III-E was 
achieved between day 257 to 278. These phases have operational flow rates 
corresponding to influent flow rates of 100, 110, 120, 135 and 150 Lid, respectively. 
Equivalent ANX-C and AER-C HRT for influent flow rate of 100, 110, 120, 135 and 
150 Lid were 9.6 hrs, 8.7, 8.0, 7.1, 6.4, and 30, 27.3, 25, 22.2 and 20 hrs, respectively. 
AD-C HRT of 1.00 day was maintained for entire phase. 
4.6.1 Phase III results for MLSS, MLVSS, and SVI 
The results for MLSS, ML VSS, and SVI for phase III operation are presented in this 
section. ANX-C was monitored for MLSS and ML VSS to evaluate the parameters such 
as specific denitrification rates and specific COD removal rates. AER-C was monitored 
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for MLSS, ML VSS and SVI to evaluate parameters such as specific COD removal 
rates, SRT control, F/M ratio, and SVI sludge settling properties. RAS MLSS 
concentration was monitored from measured and validated with observed values 
evaluated from AER-C MLSS and SVI according to Section 3.1.7.9. 
4.6.1.1 Phase III results for anoxic chamber MLSS and MLVSS concentration 
The changes in the biomass concentration for ANX-C at different OLR and HRT from 
phase III-A through phase III-E is shown in Figure 4.42. General increase in solids 
accumulation was observed from phase III-A to phase III-E, which could be due to 
increase in OLR in the reactor system. ANX-C receives combined biomass from RAS 
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Figure 4.42: Anoxic chamber Mixed Liquor Suspended Solids and Mixed Liquor 
Volatile Suspended Solids Cone. vs Sampling Days 
In phase III-A, steady state was observed between day 173 to 185, where 
the ANX-C MLSS and ML VSS concentrations were observed with average values and 
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standard deviation of 3362±69 and 2466±94 mg!L, respectively. This gives ANX-C 
MLVSSIMLSS ratio of0.73. 
In phase III-B operation, steady state was observed between day 199 to day 208, 
where ANX-C MLSS and ML VSS average value and standard deviation were observed 
as 3514±72 mg/L and 2854±54 mg!L, respectively. This gives ANX-C ML VSSIMLSS 
ratio of0.81. 
In phase III -C operation. The average and standard deviations values for ANX -C 
MLSS and MLVSS at steady state observed between day 222 to day 232 were observed 
as 4490±42 mg!L and 3800±94 mg/L, respectively. This gives corresponding ANX-C 
ML VSSIMLSS ratio of 0.84. 
In phase III-D operation, steady state was observed between day 246 to 255, where 
ANX-C MLSS and ML VSS concentration were observed as 5215±74 mg!L and 
4473±109 mg!L, respectively. This gives ANX-C ML VSS/ML VSS ratio of0.86. 
In phase III-E operation, steady state was observed between day 267 to 278, where 
ANX-C MLSS and ML VSS concentration were observed as 5841±90 mg/L and 
5119±64 mg!L, respectively. This gives ANX-C MLVSS/MLVSS ratio of0.87. 
4. 6.1. 2 Phase III results for aeration chamber MLSS, MLVSS and SVI profile 
The trend in changes for the biomass concentration for AER-C MLSS and ML VSS is 
shown in Figure 4.43, and profile for SVI monitored in the AER-C is shown in 
Figure 4.43. MLSS control in the AER-C was achieved through wasting of sludge. 
In phase III-A, experiment was conducted between day 164 to 185, where 
AER-C MLSSIML VSS steady state was observed between day 173 to day 185, with 
AER-C MLSS and ML VSS concentration observed to be 5057±27 and 3021±78 mg!L, 
respectively. This gives AER-C ML VSS/MLSS ratio of 0.6. Ratio was observed to be 
low, although, ML VSS/MLSS ratio for extended aeration was given in the range of0.6 
to 0.75 [332]. 
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Figure 4.43: Aeration chamber Mixed Liquor Suspended Solids and Mixed Liquor 
Volatile Suspended Solids Cone. vs Sampling Days 
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Figure 4.44: Sludge Volume Index profile vs Sampling Days 
The low ratio could also be due to endogenous process in the AER-C from probable 
reduced substrate offer to the microorganisms. Equivalent SVI values were observed as 
an average value and standard deviation of76±1.3 mL/g. 
Phase III-B operation was achieved between 185 to day 208. Between day 199 to 
day 208, steady state was observed for AER-C MLSSIML VSS with an average value 
and standard deviation of AER-C MLSS and ML VSS concentration of 5070±89 mg/L 
and 3086±126 mg/L, respectively. This gives AER-C ML VSS/MLSS ratio value of0.6. 
SVI for phase III-Bas shown in Figure 4.44 was observed with an average value and 
standard deviation of 148±5.4 mL/g at steady state. 
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In phase III-C, the experiment was conducted between day 208 to day 232 with the 
observed steady state for AER-C MLSS and ML VSS concentration observed on day 
22. The average and standard deviations values of AER-C MLSS and ML VSS at steady 
state were observed between day 222 to day 232. The observed values at steady state 
for the AER -C MLSS and ML VSS were observed as 5167± 135 and 31 04± 140 mg/L, 
respectively. This gives ML VSSIMLSS ratio of 0.6. SVI was observed to be stable in 
phase III-Cas shown in Figure 4.37, with a downward decrease in the SVI value from 
phase III-B to average and standard deviation values of 62±1.8 mL/g. 
Phase III-D operation was achieved between day 246 to day 255 with the observed 
steady state for AER-C MLSS and MLVSS between day 246 to day 255. The average 
value and standard deviation of AER-C MLSS and ML VSS concentration were 
observed as 5202±109 mg/L and 3178±176 mg/L, respectively. This gives AER-C 
ML VSS/ML VSS concentration of 0.6. Prevailing SVI values at steady state were 
observed with average and standard deviation values of 55± 1.28 mLI g. 
Phase III-E operation was achieved between 255 to day 278, with observed AER-C 
MLSS and ML VSS steady state observed between day 269 to day 278. The observed 
AER-C MLSS and ML VSS had average values and standard deviation of 
5299±172 mg/L and 3227±99 mg/L, respectively. This gives AER-C ML VSS/MLSS 
ratio value of 0.6. SVI for phase III-E as shown in Figure 4.42 was observed with an 
average value and standard deviation of 50±1.6 mL/g at steady state. 
4.6.1.3 Phase III results for relationship between experimental and predicted RAS 
concentration 
The experimental MLSS concentration for RAS (Xr) observed was compared with 
predicted MLSS, which was measured from AER-C MLSS and SVI according to 
Equation 3.18 and Equation 3.19 in order to validate the experimental MLSS 
concentration observed. The time series profile for the experimental and measured 
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Figure 4.45: Experimental and predicted MLSS concentration vs Sample. Days 
To establish the difference, ANOV A analysis was carried out and the means 
between the experimental and predicted MLSS concentrations. At 95 % confidence 
interval, (p>0.05) it was observed that there was no any significant difference between 
measured and observed MLSS concentration (Table 4.20). This indicates a good level 
of accuracy between measured MLSS by experiment and predicted MLSS obtained 
from calculations with available AER-C MLSS and SVI values. 
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4.6.2 Phase III results for aerobic digestion and mass balance 
AD-C was operated as batch digester system from phase III-A through phase III-E, 
where it was fed once daily and decanted once daily based on 10 days SRT. Volume of 
7.5 L was fed into the AD-C from underflow and 7.5 L was displaced on daily basis. 
The purpose of operating AD-C unit was to reduce sludge production as the system 
operates. Hence, endogenous metabolism process was the mechanism adopted to 
reduce sludge wastage, in which the AD-C was fed with raw sludge. Efficiency of the 
AD-C was evaluated for solids reduction (MLSS and ML VSS). Mass of digested sludge 
from EAD was compared with the mass of the wasting rate. The solids balance was 
established on MLSS around AD-C boundary because sludge wasting was according to 
MLSS. Details of data for solids determination in the experiments from phase III-A 
through phase III-E is highlighted in (Table Cl.2 in Appendix C). 
Figure 4.46 through Figure 4.51 show sequence for the daily variation in the levels 
of lAD and EAD MLSS and ML VSS concentration (mg/L), lAD and EAD mass of 
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Figure 4.47: Influent and Efluent mass of Aerobic Digester Mixed Liquor 
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Figure 4.48: Aerobic Digester Mixed Liquor Suspended Solids Mass balance and 
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Figure 4.49: Influent and Effluent Aerobic Digester Mixed Liquor Volatile 
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Figure 4.50: Influent and Effluent mass of Aerobic Digester Mixed Liquor 
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Figure 4.51: AD-C ML VSS mass degraded and percent degraded vs Sampl. Days 
In phase III-A aerobic digester operation, steady state was observed between day 
178 to 185 in BAD MLSS and ML VSS concentrations (see Figure 4.49 and 
Figure 4.50). The average and standard deviations values for lAD and BAD MLSS, and 
lAD and BAD ML VSS values were observed as (13,055±360 and 1 0,992±232 mg/L ), 
and (10,893±257 and 8,790±348 mg/L), respectively. This gives equivalent lAD and 
BAD ML VSS and MLSS ratio of 0.83 and 0.80, respectively. The ratio of 
:Mt VSS!MLSS in BAD was observed to be lower than the IA1) ratio, which could 
suggest that the system may have under gone endogenous metabolism process, where 
more ML VSS were degraded than MLSS. The equivalent lAD and EAD mass ofMLSS 
were observed to be 96,655±2,914 and 82,440±1,745 mg/d. For the ML VSS, the lAD 
mass of ML VSS and EAD mass of ML VSS were observed as 
80,765±2495 and 65,925±2610 mg/d. The MLSS and ML VSS degraded observed in 
AD-C were 14,265±1029 and 14,640±1986 mg/d, respectively. The corresponding 
percentage degradation of the MLSS and ML VSS were observed as 14.3 and 18.6 %, 
respectively. 
In phase III-B, steady state operation was observed between day 201 to 208. 
Observed lAD and EAD MLSS concentrations were 13,917±294 and 12,208±71 mg/L, 
respectively. This gives lAD and BAD MLVSS/MLSS ratio of 0.83 and 0.79, 
respectively. Equivalent ML VSS concentrations for the lAD and EAD were observed 
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with average and standard deviation values of 11,609±275 and 9,724±183 mg!L. 
Consequently, the lAD and EAD mass ofMLSS and lAD and EAD mass ofMLVSS 
were observed as (104,580±2331 and 91,565±535 mg/d) and (87,070±2064 and 
72,930±1377 mg/d), respectively. The degraded MLSS and MLVSS in the AD-C were 
observed with average mass and standard deviation of 13,615±1380 mg/d and 
14,290±1788 mg/d, respectively. Percentage degradation ofMLSS and ML VSS in the 
AD-C were observed to be 12.7 % and 17.1 %, respectively. 
Phase 111-C steady state operation was observed between day 225 to 232. Average 
and standard deviation values for lAD and EAD MLSS concentration, and lAD and 
EAD ML VSS concentrations were observed as (15,622±270 and 13,877±202 mg/L), 
and (13, 113±326 and 11, 206±357 mg/L), respectively. This gives lAD ML VSS/MLSS 
and EAD ML VSS/MLSS ratios of 0.84 and 0.80, respectively. The corresponding 
average and standard deviation values for lAD and EAD mass ofMLSS were observed 
as 116,070±1,331 and 104,075±1,521 mg/d. On the other hand, lAD mass ofMLVSS 
and EAD mass ofML VSS were observed to be 97,940±1,764 and 84,050±2,675 mg/d. 
MLSS and ML VSS degraded in the AD-C were observed with average and standard 
deviation value of 12,995±742 and 13,740±2094 mg/d, respectively. Consequent 
percentage degradation of MLSS and ML VSS in the AD-C were observed as 11.1 % 
and 14.3 %, respectively. 
Phase 111-D operation had its steady state observed between day 248 to 255. The 
lAD and EAD MLSS concentrations were observed to be 18,107±169 mg!L and 
16,648±245 mg!L, respectively. This gives an average ofiAD ML VSS/MLSS ratio and 
EAD ML VSS/MLSS ratio of 0.81 and 0.78, respectively. Corresponding average 
values and standard deviation for ML VSS concentrations observed in lAD and EAD 
were 14,606±113 mg!L and 12,881±214 mg!L. Subsequently, observed mass ofMLSS 
for lAD and EAD and mass ofMLVSS for lAD and EAD were (135,465±1105 and 
124,860±1841 mg/d) and (109,160±1064 and 96,605±1,607 mg/d), respectively. MLSS 
and ML VSS degraded in the AD-C were observed with average mass and standard 
deviation of 11,955±1145 and 12,405±1,614 mg/d, respectively. The degradation 
efficiency expressed as percentage in the AD-C were observed as 8.6 % and 10.7% for 
MLSS and ML VSS, respectively. 
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In phase III-E operation of aerobic digestion, steady state was observed between 
day 269 to day 278 was observed. The average values and standard deviations for lAD 
and EAD MLSS concentrations, and lAD and EAD ML VSS concentrations were 
observed as (19,475±236 and 18,232±189 mg/L), and (15,021±197 and 
13,658±185 mg/L), respectively. This gives corresponding lAD and EAD ML VSS and 
MLSS ratio of0.77 and 0.74, respectively. The equivalent lAD andEAD mass ofMLSS 
were observed as 145,525±1,432 and 136,740±1,414 mg/d. MLVSS mass for lAD and 
mass ofMLVSS for EAD were observed as 112,460±1443 and 102,435±1,384 mg/d. 
The observed degraded MLSS and ML VSS in the AD-C were 10,635±789 and 
11,075±907 mg/d, respectively. The corresponding percentage degradation of the 
MLSS and ML VSS were observed to be 7.3% and 9.8 %, respectively. 
Qualitative observations of all the sludge samples used as lAD were observed to be 
brownish in color, while all the digested solids were observed as light brown. There 
was no detectable and noticeable odor observed in the AD-C. This could possibly be 
due to the continuous aeration and exposure of the AD-C. 
4.6.3 Phase III results of heterotrophic plate count and population of microfauna 
Determination of bacteria colonies was carried out and presented as heterotrophic plate 
count. The population of microfauna were determined for the samples in the aeration 
chamber, and microrganisms counted in optical microscope for protozoa and metazoa. 
The results for the bacteria colony forming units and microscopic observations is 
presented in this Section. 
4.6.3.1 Phase III results for heterotrophic plate count 
The viable bacterial population in the aeration chamber was determined for MLSS 
concentrations of5,000, 5,100, 5,200, 5,300 and 5,500mg/L, respectively. The method 
adopted followed 3M Petrifilm Aqua Plate Testing procedure, which involves serial 
dilution of sludge samples, where 1 mL diluted sludge (1 o-6) was pipetted and directly 
plated to prepared nutrient media. The samples were incubated for 48 hours at 35°C. 
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After the incubation was completed, colonies were counted. The microorganisms 
counted are presented as colony forming units ( cfu/mL) and results observed presented 
according to Table 4.21 and Figure 4.52. The microbial growth appearing on each 
individual media was counted and enumerated as HPC (cfu/mL). 
Table 4.21: Phase III results for heterotrophic plate count ofvarious sludge cone. 
Aeration tank Heterotro_p_hic _plate count, ( cfu/mL l x 10 7 
MLSS, (mg/L) Sample 1 Sample 2 Sample 3 Average 
count 
5,000 6.3 6.1 6.7 6.37 
5100 6.9 7.5 7.3 7.23 
5200 8.0 7.7 8.2 7.97 
5,300 8.8 9.0 8.6 8.80 
5,500 9.4 9.8 9.6 9.60 
5,100 5,200 5,300 5,400 5,500 
MLSS concentration, (mg/L) 
Figure 4.52: Variation of plate counts with aeration chamber sludge 
As can be seen from Figure 4.52, the relationship between the observed HPC and MLSS 
concentration progressively ascends with increasing MLSS concentration. The 
observed MLSS of 5, 500 mg/L resulted in higher observed HPC count of 
9.60 x I 07 cfu/mL. Hence, minimum and maximum MLSS concentrations observed 
with MLSS of 5,000 mg/L and 5,500 mg/L resulted HPC average counts of 6.37x107 
and 9.60x107 cfu/mL, respectively. The difference between HPC with MLSS 5,000 and 
5,100 mg/L was observed as 11.9 %, and difference between the HPC with MLSS 5,200 
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and 5,300 mg/L was observed as 9.3 %. The difference between HPC with MLSS 
concentration of 5,300 mg/L and 5,500 mg/L was observed with 8.3 % variation. The 
HPC were observed to be close between each observed MLSS, which could be due to 
narrow range in the concentration levels maintained. Although, it was generally 
observed that HPC for each particular MLSS concentration increased with increasing 
MLSS concentration, which possibly could indicate viable cells quantity for the 
microorganisms in the aeration chamber intensifying with MLSS concentration level 
due to possible increase in organic loading and metabolic activities. 
4.6.3.2 Phase III results for protozoa and metazoa counts in aeration chamber sludge 
Random samples were grabbed in the aeration chamber for microbial examination in 
phase III. The samples were analysed during each sub phase of steady state operation. 
Phase III was operated with average AER-C MLSS concentration observed to be 
5,139 mg/L, F/M ratio during the operation was observed to be in the range of 
0.49-0.79 kg COD/kg ML VSS d, and AER-C OLR was observed to be in range of 
0.06-0.09 kg COD/m3• d. The experiment was conducted in triplicates of 100 !J.L sub 
samples of the sludge samples analysed. The results are presented as average and 
percentage for the population of microfauna existing in the sludge. 
Nematodes were observed to exist from phase III-A through phase III-E after 
operating bioreactor for long SRT of 40 days. Count of micro-organisms observed in 
phase III-A through phase III-E is presented in the Table 4.22. Metazoa population 
observed consist of nematodes and rotifers constituting between 18.8-25.3 % 
(180-260 organisms/mL). Nematodes population observed was between 1.0-2.1 % 
(10-100 organisms/mL), and population of rotifers was observed to be between 
17.3-23.9 % (170-330 org/mL). Water bears were observed during phase III-D and 
phase III-E of the operation with low percentage population of 1 % 
(average of 10 org/mL of sample). Water bears could be found in the same environment 
with rotifers and nematodes. Presence of water bear usually indicates that there is little to 
no ammonia present (333]. This could be a good indication that system did not inhibit 
nitrification, which is probably suggested by the long operational SRT, and other 
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favorable factors for system such as controlled pH. However, microorganisms such as 
free swimmers and stalk ciliates were observed to dominate the ASP. Population of free 
swimming ciliate and stalked ciliates were observed within the ranges of29.7-37.8% 
(190-370 org/mL) and 41.2-48.4% (310-490 org/mL), respectively. 
Table 4.22: Protozoa and Metazoa count in aeration chamber sludge 
Organism 
Slide Slide Slide 
Aver. 
Percentage 
no. 1 No.2 no.3 (%) 
Protozoa 
Free-swimming 
16 20 13 16 33.3 
ciliates 79.1 
Stalked ciliates 22 18 27 22 45.8 
Metazoa 
Rotifers 9 7 12 9 18.8 
20.9 
Nematodes 2 1 1 1 2.1 
Total 




23 14 19 19 29.7 
ciliates 78.1 
Stalked ciliates 31 38 25 31 48.4 
Metazoa 
Rotifers 12 9 17 13 20.3 
21.9 
Nematodes 1 2 1 1 1.6 
Total 




38 33 40 37 37.8 
ciliates 81.7 
Stalked ciliates 46 40 44 43 43.9 
Metazoa 
Rotifers 17 21 14 17 17.3 
18.3 
Nematodes 1 1 1 1 1.0 
Total 
102 95 99 98 100 100 
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44 40 37 40 33.6 
ciliates 74.8 
Stalked ciliates 48 54 45 49 41.2 
Metazoa 
Rotifers 25 32 28 28 23.5 
Nematodes 2 1 1 1 0.8 25.1 
Water bear 1 1 1 1 0.8 
Total 




48 39 44 44 31.9 ciliates 74.7 
Stalked ciliates 65 53 60 59 42.8 
Metazoa 
Rotifers 29 32 37 33 23.9 
Nematodes 1 2 1 1 0.7 25.3 
Water bear 1 1 NI 1 0.7 
Total 
144 127 142 138 100 100 
NI =Not identifiable 
Population of stalked ciliates dominated from the entire population observed. 
Papadimitriou et al. reported a shift of dominant protozoan populations was observed 
from free-swimming species during early operation towards stalked ciliates in extended 
periods of the operation [334]. This change in protozoan composition with the time of 
operation has also been mentioned in sewage treatment plants [335]. When most of 
nutrients present in wastewater are reduced ciliates will dominate, and stalked ciliates 
and metazoa will be predominant in longer SRT systems mainly because of their ability 
to compete, when very little nutrients are left and their capacity to feed on other 
protozoa [334]. 
Some of significant protozoa and metazoa observed from phase III-A through 
phase III-E are presented in Figure 4.5J. The organisms were viewed under 400x 
magnification optical microscope. They consist of free swimming ciliates, stalked 
ciliates, rotifers, nemotodes and water bear. The organism indicated in Figure 4.53a is 
Free swimming ciliate, stalked ciliate are shown ifFigure 4.53b, Rotifiers are shown in 
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Figure 4.53c, nematodes are shown in Figure 4.53d, water bear is shown in 
Figure 4.53e, and with side view of water bear shown in Figure 4.53f. 
120 JliD 
2 X 2 
230!!m 
a. Free swimming ciliate (x400) b. Stalked ciliate (x400) 
c. Rotifer (x400) d. Nemotode (x400) 
e. Water bear (x400) f. Water bear side view (x400) 
Figure 4.53: a, b, c, d, e and fillustrate some protozoa and metazoan observed 
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4.6.4 Phase III results for pH, dissolved oxygen and temperature profiles 
The pH, DO, and temperature values were monitored and measured during phase III 
operation. pH was measured in the influent, ANX-C, AER-C and AD-C. DO was 
monitored and measured in the ANX-C, AER-C, and AD-C. The temperature was 
measured in situ from the AER-C of the i-SGBR system. Data for pH, DO and 
temperature can be found in Appendix B (Table B 1.2). To ensure pH control close to 
neutral was achieved, doses of sodium bicarbonate (NaHC03) in AER-C and AD-C 
were frequently added. The experiment was conducted at an ambient temperature. 
In phase III-A through phase III-E, influent pH for the wastewater was observed to 
be in the range between 4.4 to 6.6, with an average value and standard deviation of 
5.9±0.6. The profile for the influent pH in phase III is as shown in Figure 4.54. 
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Figure 4.54: pH profile for influent wastewater vs Sampling Days 
pH for ANX-C in phase III-A through phase III-E was observed to be in the range 
between 7.2-7.7, with observed average value and standard deviation obtained as 
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Figure 4.55: pH profile for Anoxic chamber vs Sampling Days 
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The observed pH for AER-C in phase III-A through phase III-E ranges between 
7.2-7.6, with an average value and standard deviation obtained as 7.2±0.1. pH profile 
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Figure 4.56: pH profile for Aeration chamber vs Sampling Days 
~t can be observed from Figure 4.55 and Figure 4.56 that pH close to neutral was 
maintained in reaction chambers throughout operation in phase III. Influent pH of the 
wastewater was observed to be slightly acidic as can be seen from 
Figure 4.54. This might be due to the nature of the wastewater by-products and cleaning 
operations from the FBI wastewater. However, pH in the i-SGBR system was 
maintained within a stable range of 6.8-7 .8, which could be favorable for microbial 
activities. Tolerable pH for microbial process ranges between 6.0 to 9.0, and optimum 
performance occurs close to neutral pH [89, 90]. 
DO in the ANX-C for phase III-A through phase III-E ranges between 0.21 mg/L 
to 0.28 mg!L, with average and standard deviation recorded as 0.24±0.02 mg!L. DO 
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Figure 4.57: Anoxic chamber dissolve oxygen cone. vs Sampling Days 
DO for AER-C in phase III-A through phase III-E ranges between 3.98 mg/L and 
4.98 mg/L with an average and standard deviation of 3.98±0.3 mg/L. DO profile for 
AER-C for phase III-A through phase III-E is shown in Figure 4.58. Fine bubble 
diffusers in AER-C served dual purpose, providing sufficient mixing and supply of DO. 
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Figure 4.58: Aeration chamber dissolve oxygen cone. vs Sampling Days 
The DO was strictly maintained in AER-C and fluctuations throughout phase III 
was insignificant as can be seen from Figure 4.58. However, the slight variations ofDO 
observed might be attributable to requirements for oxidation of organic matter and 
nitrification in the aerobic chamber, due to variable wastewater influent organic 
loadings. DO concentration was always adjusted by gauge valves to ensure required 
and controlled supply. 
Temperature was monitored from the AER-C of i-SGBR system in phase III-A 
through phase III-E, where the observed values range between 27.4 and 33.3 °C. The 
average and standard deviation were recorded as 29.9±1.1 °C. Biochemical reactions 
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could be influenced by temperature. Temperature profile vs sampling days in AER-C 
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Figure 4.59: Aeration chamber temperature vs Sampling Days 
4. 7 Phase III results on performance for system operation 
In this research, data for the performance analysis considers the steady state periods at 
respective stages in phase III. Phase III was conducted between day 162 to 278. Five 
flow rates performance was evaluated for the removal of organic matter (COD, sCOD, 
BODs) and nitrogen (ammonia-nitrogen, nitrate-nitrogen, and nitrite). Samples were 
obtained from the influent (INF), effluent anoxic chamber (E-ANX), and effluent 
aeration chamber (E-AER), return activated sludge (RAS), and an effluent clarifier 
(E-CLR). Steady state data was obtained considering values for standard deviation with 
less than 10 % removal efficiencies of COD, nitrification, and denitrification as 
highlighted in Section 3 .4. The detailed performance data for the duration of the 
experiment including parameters for COD, sCOD, BODs, TSS, ammonia-nitrogen, 
nitrate, nitrite, TKN and TN are contained in Appendix D (Table D 1.1 through 
Table D 1.6). 
Operation in phase III was conducted with five variable flow rates and SRT. These 
flow rates range between 100 to 150 Lid, and the SRT range 20 to 40 days. The five 
variable flow rates produced corresponding OLR rates and HRT for the ANX-C and 
AER-C. The corresponding ANX-C and AER-C HRT for the operation ranges between 
6.4 to 9.6 hrs, and between 20 to 30 days HRT for the extended aeration, respectively. 
HRT for AD-C was maintained at constant rate irrespective ofOLR and bioreactor HRT 
operated. Internal recycle ratio of 6 and RAS ratio of 0.5 were maintained throughout 
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phase III. IR flow ranges between 600 Lid in phase III-A to 900 Lid in phase III-E. 
AverageAER-C MLSS andMLVSS were in the range of5010to 5237 mg/L, and 3021 
to 3227 mg/L, respectively. This gives AER-C MLSSIML VSS ratio within the range 
of 0.60 and 0.61. The underflow sludge concentration with MVLSS and ML VSS 
concentrations were observed to be within the range of 13,055 to 19,475 mg/L, and 
10,893 to 15,021 mg!L, respectively. Correspondingly, this gives average ML VSS to 
MLSS ratio as 0.77 to 0.85, respectively. The performance was evaluated based on 
operational variables with specific details of each stage as shown in Table 4.23. 
Table 4.23: phase III results for operational conditions ofbiokinetic study 
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Phase III 
Experimental stage III-A III-B III-C IU-D III-E 
Steady state period 173-185 199-208 208-232 222-255 246-278 
(days) 
Flow rate, OINF, (Lid) 100 110 120 135 150 
Hydraulic retention 9.6 8.7 8.0 7.1 6.4 
time 8ANX-C, HRT 
(hours) 
Hydraulic retention 30 27.3 25.0 22.2 20.0 
time 8AER-C, HRT 
(hours) 
Hydraulic retention 2.65 2.41 2.21 1.96 1.77 
time 81-SGBR, HRT 
(days) 
Hydraulic retention 1.00 0.91 0.83 0.74 0.67 
time, Clarifier, 8cLAR 
(days) 
Solids retention time 40.8±0.7 35.9±0.5 30.5±0.8 25.2±0.7 20.0±0.3 
8c, AER-C of SRTr. 
SGBR (days) 
AD-C SRT, (days) 10 
Internal recycle flow= 600 660 720 810 900 
QINF *IR, (Lid) 
MLSS in AER-C, 5010±65 5070±89 5166±151 5212±119 5237±92 
mg/L 
MLVSS Ill AER-C, 3021±88 3085±124 3104±142 3178±176 3227±112 
mg/L 
MLSS in RAS, mg/L 13,055±360 13,917±294 15,622±270 18,107±169 19,475±236 
ML VSS in RAS, mg/L 10,893±257 11,609±275 13,113±326 14,606±113 15,021±197 
MLVSS/MLSS ratio . 0.60 0.60 0.60 0.60 0.61 
AER-C 
MLVSS/MLSS ratio 0.85 0.83 0.84 0.81 0.77 
RAS 
Total RAS flow (Rrotal) 50 55 60 70 75 
= (Ri) * OINF, (Lid) 
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4.7.1 Phase III results for removal of COD, sCOD, and BOD 
In order to monitor the degradation of organic matter, evaluation for the removal of 
organic matter was carried out based on the COD, sCOD, and BODs. Figure 4.60 
through Figure 4.62 shows the result of the influent COD and effluent COD, ANX-C 
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Figure 4.61: Anoxic and Aeration organic loading rate vs Sampling Days 
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Figure 4.62: COD removal percentage vs. Sampling days 
In phase III-A operation, steady state was observed between days 173 to day 185 in 
effluent-ANX-C (E-ANX-C), effluent-AER-C (E-AER-C), and effluent clarifier 
(E-CLR). At observed steady state, average and standard deviation values for COD 
concentrations in E-ANX-C and E-CLR were observed to be 591±10 and 21±2 mg/L, 
respectively. This gives 97.9% system removal efficiency with equivalent observed 
influent COD concentration average and standard deviation of 1 003±30 mg/L. 
Corresponding BODs concentration for influent and E-CLR were observed with 
average and standard deviation of 500±23 and 6.3± 7 mg/L, respectively. The untreated 
influent and treated E-CLR BODs/COD ratio at steady state period gives 0.5 and 0.21, 
respectively. The opretional ANX-C and AER-C OLR observed were 2.52±0.1 and 
0.49±0.01 mg COD/m3 d, respectively. The F/M ratio for the AER-C was observed as 
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0.06 mg sCOD/mg ML VSS d based on sCOD concentration. It was observed that about 
41 % of COD was reduced due to biological degradation in ANX-C. Specific COD 
removal rate in ANX-C of 0.72±0.03 mg COD/mg VSS d was observed. As a result, 
because COD was probably used in ANX-C for denitrification, balance was degraded 
aerobically in AER-C. Average specific COD removal rate in AER-C at steady state 
was determined to be 0.41±0.03 mg COD/mg VSS d. 
In phase 111-B operation, ANX-C and AER-C OLR were operated with observed 
average and standard deviation of2.75±0.1 and 0.54±0.03 kg COD/m3.d, respectively. 
Between day 199 to day 208, steady state was observed, where E-ANX-C and E-CLR 
had average and standard deviation COD concentration of 596±18 and 28±3 mg!L, 
respectively. It was observed that 40% of COD was degraded in ANX-C. Equivalent 
BODs concentration in E-CLR was observed with average value and standard deviation 
of 6.8±4 mg/L. Influent concentration for COD and BODs had average values and 
standard deviation observed to be 995±21 and 653±11 mg/L, respectively. This gives 
untreated and treated BODs/COD ratios of0.7 and 0.4, respectively. It can be realized 
that system has achieved 97.2% COD removal efficiency. Average value and standard 
deviation of specific COD removal rate in ANX-C and AER-C were observed to be 
0.39±0.04 and 0.115±0.001 mg COD/mg VSS d, respectively. Low BODs values 
observed could deduce that wastewater contains high biodegradable organic content. 
In phase III-C, steady state was observed with E-CLR average and standard 
deviation COD of 33±3 mg/L. Observed influent COD concentration average and 
standard deviation were 1 028±25 mg/L, which represents 96.8 % system COD removal 
efficiency. ANX-C COD utilization was observed with average of 36 %, E-ANX-C 
COD concentration was observed to be 657±33 mg/L. The equivalent average and 
standard deviation for influent and E-CLR BODs concentrations were observed as 
607±62 and 7.8±3 mg!L, respectively. This gives untreated and treated BODs/COD 
ratios of0.6 and 0.24, respectively. ANX-C and AER-C COD OLR were operated with 
average value and standard deviation of 2.75±0.05 and 0.54±0.03 mg COD/m3 d, 
respectively. F/M ratio in AER-C was observed to be 0.08 mg sCOD/mg ML VSS d. 
Average and standard deviation of specific COD removal rate in ANX-C and AER-C 
were determined to be 0.29±0.03 and 0.12±0.01 mg COD/mg VSS d, respectively. 
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In phase 111-D operation, steady state was observed between day 222 to day 232 
with operational ANX-C and AER-C OLR of 3.08±0.1 and 0.62±0.03 mg COD/m3 d, 
respectively. E-CLR COD concentration had average and standard deviation observed 
as 42o:h4 mg/L Observed influent and E-ANX-C COD concentration had average and 
standard deviation of 1 026±9 and 666± 14 mg/L, respectively. System COD removal 
efficiency of 95.9 %was observed. ANX-C COD utilization was observed at average 
35 %. The equivalent average and standard deviation for influent and E-CLR BODs 
were observed to be 585±18 and 8.3±0.7 mg/L, respectively. This gives untreated and 
treated BODs/COD ratios of0.6 and 0.2, respectively. ANX-C and AER-C COD OLR 
were observed with an average and standard deviation of 3.50±0.07 and 
0.71±0.05 mg COD/m3d, respectively. F/M ratio in AER-C was observed to be 
0.09 mg sCOD/mg ML VSS d. The average value and standard deviation for specific 
COD removal rate in ANX-C and AER-C were observed as 0.27±0.02 and 
0.13±0.01 mg COD/mg VSS d, respectively. 
In phase 111-E, steady state was observed between day 269 to day 278 with E-CLR 
COD concentration average and standard deviation of 49±3 mg/L. The observed 
influent COD concentration average and standard deviation was 1020±15 mg/L, which 
represents 95.2 % system COD removal efficiency. ANX-C COD utilization was 
observed at an average of 36.3 %, where E-ANX-C COD concentration was observed 
to be 650±11 mg/L. The equivalent average and standard deviation for influent and 
E-CLR BODs were observed to be 577±94 and 1 0.2±0.8 mg/L, respectively. This gives 
untreated and treated BODs/COD ratios of 0.6 and 0.3, respectively. The ANX-C and 
AER-C COD OLR were observed with an average value and standard deviation of 
3.85±0.1 and 0.79±0.04 mg COD/m3d, respectively. F/M ratio inAER-C was observed 
to be 0.09 mg sCOD/mg ML VSS d. Average and standard deviation for specific COD 
removal rate in ANX-C and AER-C were obtained as 0.27±0.01 and 
0.14±0.004 mg COD/mg VSS d, respectively. 
A statistical analysis (ANOV A) was conducted on the E-CLR average COD 
concentration values obtained from the experimental data. At 95% confidence level, the 
result indicated significant difference (P<0.05) between the mean values of the 
concentration at respective HR T' s (Table 4.24), where the results have shown that mean 
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value for HRT with flow rate of 100 Lid was lower than the mean values of other flow 
rates having 110, 120, 135 and 150 Lid. Hence, HRTwith flow rate of 100 Lid achieved 
better performance of COD removal compared to other HRT's with flow rates of 110, 
120, 135 and 150 Lid. 
Table 4.24: Phase III-Statistical Analysis (ANOVA) and multiple comparison for 
effect ofHRT on COD performance 
New to MATLAB? Watch thi~ Video. see Demos. or read Getting Started. 

















[ 120. 7EOO] 
[2 • ~574-;+003] 
gnames: [5x1 char] 















(102. 542 E] 
[] 
n 
Table 4.24: Phase III-Statistical Analysis (ANOVA) and multiple comparison for 























































4. 7.1.1 Phase III results for sCOD concentration reduction profile 
The soluble COD (sCOD) for the whole of phase III study from day 164 to 278 is 
presented in Figure 4.63. Samples were obtained from influent, E-ANX-C, E-AER-C 
and E-CLR. The influent sCOD concentration for the period was observed with 
minimum, maximum and average values of385, 467 and 425 mg/L, respectively. 
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Sampling days 
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Eftl. AER sCOD cone ---.-- Eftluent CLR sCOD cone. 
Figure 4.63: sCOD cone: Inf., E-ANX-C, E-AER-C, and E- CLR. vs Samp. Days 
In phase III -A operation, steady state was observed between day 173 to 185. 
Measured concentration in the influent, E-ANX-C, E-AER-C and effluent clarifier, 
where observed with average values and standard deviation of 424±12, 232±1.7, 20±2, 
and 17±1 mg!L, respectively. It can be seen that sCOD removal efficiency of 92.6% 
sCOD was achieved. The influent and effluent COD/sCOD ratio was observed to be 
2.3 and 1.3, respectively. 
Between day 199 to 208, steady state was observed for phase III-B operation. The 
average influent concentration of sCOD was observed as 406±9 mg!L. This gives 
COD/sCOD ratio of2.4. Average concentration and standard deviation in E-ANX-C, 
E-AER-C and E-CLR were observed as 241±7, 22.7±1.4 and 20±2 mg!L, respectively. 
Removal efficiency of91.7% sCOD was observed for the system. Effluent COD/sCOD 
ratio was observed to be 1. 7. 
In phase III-C operation, steady state was observed between day 222 to day 232. 
The average influent sCOD for the operation was observed with an average value and 
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standard deviation of 443±15 mg/L, with corresponding E-ANX-C, E-AER-C and 
E-CLR observed as 254±13, 25.5±2 and 24±1 mg/L, respectively. This gives influent 
and effluent COD/sCOD ratio as 2.3 and 1.7, respectively. sCOD removal efficiency of 
90.6 % was observed. 
In phase 111-D operation, steady state was observed between day 246 to 255. The 
concentration in influent, E-ANX-C, E-AER-C and E-CLR, where observed with 
average values and standard deviation of 427±10, 265±8, 28±2, and 25±3 mg/L, 
respectively. sCOD removal efficiency of 90.6 % sCOD was observed for the system. 
The influent and effluent COD/sCOD ratio was observed to be 2.4 and 1.8, respectively. 
Between day 269 to 278, steady state was observed for phase 111-E operation. The 
average influent concentration of sCOD was observed as 407±16 mg/L. This gives 
COD/sCOD ratio of 2.5. The corresponding average concentration and standard 
deviation for E- ANX-C, E-AER-C and effluent clarifier were observed as 278±2, 
33.1±0.8 and 29±2 mg/L, respectively. The removal efficiency of 89.5% sCOD was 
observed for the system. The influent and effluent COD/sCOD ratio was observed to 
be 2.5 and 1.8, respectively. 
A statistical analysis (ANOV A) was conducted on both E-ANX-C sCOD and 
E-AER-C sCOD based on average concentration values obtained from the experimental 
data. At 95% confidence level, the result has indicated significant difference (P<0.05) 
between the mean values of the concentration at respective HRT's (Table 4.25 and 
Table 4.26), where the results indicated that the mean value for HRT with flow rate of 
100 Lid was lower than the mean values of other flow rates having 110, 120, 135 and 
150 Lid. Hence, HRT with flow rate of 100 Lid achieved better performance of sCOD 
removal compared to HRT with flow rates of 110, 120, 135 and 150 L/d. 
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Table 4.25: Phase III-Statistical Analysis (ANOVA) and multiple comparison for 




Table 4.26: Phase III-Statistical Analysis (ANOVA) and multiple comparison for 
effect ofHRT on sCOD (E-AER-C) performance. 
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Table 4.26: Phase III-Statistical Analysis (ANOVA) and multiple comparison for 
effect ofHRT on sCOD (E-AER-C) performance cont. 
» [c,m] = multcompare (stats) 
c = 
1.0000 2.0000 -5.4207 -3.4000 -1.3793 
1.0000 3.0000 -9.0207 -7.0000 -4.9793 
1.0000 4.0000 -12.8207 -10.8000 -8.7793 
1.0000 5.0000 -15.8207 -13.8000 -11.7793 
2.0000 3.0000 -5.€207 -3 .€000 -1.5793 
2.0000 4.0000 -9.4207 -7.4000 -5.3793 
2.0000 5.0000 -12.4207 -10.4000 -8.3793 
3.0000 4.0000 -5.8207 -3.8000 -1.7793 
3.0000 5.0000 -8.8207 -€.8000 -4.7793 







4.7.2 Phase III results for removal of Total suspended solids 
Phase III experiment to measure both influent and effluent TSS was carried out between 
days 164 to 278. TSS was monitored from influent and effluent to enumerate the quality 
for course of sedimentation process in the clarifier. Clarifier functioned primarily to 
settle the sludge resulting from the secondary treatment. Influent and effluent TSS 
results for the study period in phase III is shown in Figure 4.64. Five TSS loadings were 
applied corresponding to five system HRT's of 2.6§ days, 2.41 days, 2.21 days, 1.96 
days and 1.77 days corresponding to phase III-A, phase III-B, phase III-C, phase III-D 
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Figure 4.64: Influent and effluent TSS vs Sampling Days 
The concentration of influent TSS (I-TSS) for whole of phase III ranges between 
489±19 mg/L, which was observed in phase III-D to 507±7 mg/L observed in 
phase III-A. The average and standard deviation of TSS concentration over the time 
course of phase III experiment were observed as 504±20 mg/L. The interpretation of 
TSS results in phase III according to Figure 4.64 is detailed in Figure 4.65 with 
respective steady state average values. The error bar represents standard deviation. 
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From day 173 to 183 when steady state was observed in phase III-A, effluent TSS 
(E-TSS) concentration was observed with average value and standard deviation of 
27±2 mg!L. Considering I-TSS concentration with average value and standard 
deviation of507±7 mg!L, TSS reduction of94.7% was achieved with system HRT of 
2.65 days. This gives COD/TSS ratio of 1.98 and 0.77 in influent and effluent, 
respectively. 
From day 199 to 208 in phase III -B when steady state was observed, E-TSS with 
an average value and standard deviation of 31±3 mg/L was observed. Corresponding 
I-TSS average value and standard deviation was 501±11 mg/L. TSS removal efficiency 
of93.8% was observed with system HRT of2.41 days. Corresponding COD/TSS ratio 
in influent and effluent was observed to be 1.98 and 0.90, respectively. 
From day 222 to day 232 when phase III -C operation was carried out, E-TSS 
average concentration was observed to be 33±2 mg/L with equivalent I-TSS 
concentration observed with an average value of 503±25 mg/L. This gives removal 
efficiency of 93.4 %. TSS removal from phase III-Band phase III-C though closely 
different, but increased stratification of sludge and reduced biomass washout could 
improve the E-TSS quality. The ratio for the influent and effluent COD/TSS was 
observed as 2.04 and 1.0, respectively. 
From day 246 to 255 when steady state operation was observed in phase III-D, 
effluent clarifier TSS concentration of 38±2 mg!L was observed, with a corresponding 
I-TSS concentration of 489±19 mg/L. Similarly, TSS removal efficiency of92.2 mg/L 
was observed. This gives COD TSS for influent and effluent as 2.10 and 1.11, 
respectively. 
Between day 269 to 278 steady state was observed in phase III-E, with average 
E-TSS concentration of 41±1.8 mg/L. The corresponding I-TSS concentration was 
observed with an average value and standard deviation of 464±6 mg/L. TSS removal 
efficiency of 91.1 % was observed. 
Enhanced TSS removal could be attributed to the combination of complete retention 
of particulate organic matter (COD or BODs) in the clarifier, including the suspended 
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organic matter and high molecular weight organisms, thus prevention of sludge 
washout problems, which is normally common to activated sludge systems. 
A statistical analysis (ANOV A) was conducted onE-TSS results obtained from the 
experimental data. At 95% confidence level, the result has shown that significant 
difference (P<0.05) between the mean values of the TSS exist at respective HRT's 
operated (Table 4.27), where the results indicated that the mean value for HRT with 
flow rate of 100 Lid was lower than the mean values of other flow rates having 110, 
120, 135 and 150 Lid .. It can be concluded that HRT with a flow rate of 100 Lid 
achieved better performance ofTSS removal compared to HRT with flow rates of 110, 
120, 135 and 150 Lid .. Consequently, gradual decline in performance ofTSS removal 
efficiency was observed with gradual increase in OLR and decrease in HRT. 
Table 4.27: Phase III-Statistical Analysis (ANOVA) and multiple comparison for 
effect ofHRT on TSS performance 
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Table 4.27: Phase III-Statistical Analysis (ANOVA) and multiple comparison for 
effect ofHRT on TSS performance cont. 
» [elm} = multcompare i,statsl 
c = 
1.0000 2.0000 -7.2794 -3.8000 -o.szoc 
1.0000 3.0000 -10.8794 -7.4000 -3.9Z06 
1.0000 4.0000 -15.6794 -12.ZOOO -8.7206 
1.0000 5.0000 -19.8794 -1C.4000 -12.9106 
2.0000 3.0000 -7.0794 -3.6000 -0.1206 
2.0000 4.0000 -11.8794 -8.4000 -4.9206 
2.0000 5.0000 -16.0794 -12.6000 -9.1206 
3.0000 4.0000 -8.2794 -4.8000 -1.3206 
3.0000 5.0000 -12.4794 -9.0000 -5.5206 








4. 7.3 Phase III results for the removal of nitrogen 
In this Section, results for removal of ammonia-nitrogen and nitrate-nitrogen, are 
presented and discussed. Ammonia-nitrogen was monitored in the influent, RAS 
underflow and E-CLR. Nitrate was monitored in influent, E-ANX-C, E-AER-C, and 
E-CLR. Parameters such as nitrification efficiency, denitrification percentage, specific 
nitrification rate, specific denitrification rate, influent COD/N ratio, and COD/N03-N 
ratio were evaluated from the measured concentration. Nitrite was measured in the 
effluent as quality criteria to ensure no inhibition to nitrification process. 
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4. 7.3.1 Phase III results for removal of Ammonia-nitrogen 
Nitrification in i-SGBR for phase III operation, assessment was based on the removal 
of ammonia nitrogen on nitrification efficiency. The evaluation was carried out between 
days 164 to 278. Steady state for each ammonia loading rate (ALR) was observed for 
the five stages operated; phase III-A, phase III-B, phase III-C, phase III-D arid phase 
III-E. The profile of influent ammonia nitrogen and its serial progression to E-ANX -C, 
E-AER-C, RAS and effluent clarifier as final treatment stage is shown in Figure 4.66. 
It was observed that the average value and standard deviation for ammonia nitrogen 
concentration throughout the experiment was observed to be 52.6±2.2 mg/L. Maximum 
and minimum values for the influent ammonia nitrogen observed were 57 mg/L and 
48.3 mg/L, respectively. Phase III was operated with ALR between 42.4±0.5 to 
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Performance evaluation for the i-SGBRnitrification in phase III was assessed based 
on nitrification efficiencies (TIN) and nitrification rates (IN). The interpretation of 
steady state values in Figure 4.66 is provided in Figure 4.67 with details of results for 
ammonia nitrogen in influent, E-CLR and Nitrification efficiency. 
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Figure 4.67: Results for steady state Influent & Effluent ammon. nitr. and Nitrif. Effie. 
In phase III-A operation, the experiment was conducted between days 162 to 185, 
where the steady state was observed between days 173 to 185. Average value for the 
ALR applied to the system was observed to be 42.4±0.5 mg NH3-N I m3.d with 
equivalent influent average ammonia nitrogen concentration of 53±0.6 mg/L. The 
influent CO DIN ratio of 11.8 was observed for phase III -A. The observed average value 
for E-CLR ammonia nitrogen concentration observed was 2.3±0.1 mg!L with observed 
T}N of 95.7±0.2 %. The IN was observed to have average value and standard deviation 
of 6.2±0.5 mg NH3-N/g. VSS. d. Ammonia nitrogen measured in the RAS underflow 
was observed to be slightly lower with an average value of2.1±0.2 mg!L. This might 
be due to tendencies for the release of ammonia-nitrogen from organic nitrogen. 
Phase III-B experiment was conducted between days 211 to 208, where steady state 
for the operation was observed between day 199 to day 208. At observed steady state, 
concentration for the E-CLR was observed to have average value and standard 
deviation of 3.4±0.2 mg/L. Similar phenomenon for an increase in ammonia nitrogen 
concentration, although insignificant, was observed from RAS ammonia nitrogen with 
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an average observed concentration of 2.1±0.2 mg/L. The same reason may be 
applicable as the previous as due to the large content of biomass in the clarifier, where 
organic nitrogen might be converted to ammonia nitrogen, thereby releasing ammonia 
nitrogen. The average value and standard deviation for ALR was observed to be 
48.2±2.8 mg NH3-N/m3 .d. The corresponding influent ammonia nitrogen concentration 
was observed to be 53.9±1.1 mg/L. The observed TJN was 93.6±0:2 %, and TN was 
observed to have average value and standard deviation of 14.2±0.7 mg NH3-N/g VSS. 
d. Corresponding influent COD IN ratio was observed to be 11. 7. 
In phase III-C operation, the experiment was conducted between days 222 to 232 
with observed steady state achieved between days 173 to day 185. Average value for 
the ALR applied to the system was observed to be 50±2.7 mg NH3-N/m3.d with 
equivalent influent average ammonia nitrogen concentration of 52.1±2.9 mg/L. The 
influent COD/N ratio of 12.1 was observed. The observed average value for E-CLR 
ammonia nitrogen concentration observed was 3.4±0.1 mg/L with observed TJN of 
93.4±0.3 %. The IN was observed to have average value and standard deviation of 
15±0.5 mg NH3-N/g. VSS. d. Ammonia nitrogen measured in the RAS underflow was 
observed to be slightly lower with an average value of 3.2±0.2 mg/L, which could be 
due to the possibility for release of ammonia from organic nitrogen. 
Phase III-D was operated between days 234 to 255, and its steady state was operated 
between day 246 to day 255. ALR of 55.3±3 mg NH3-N I m3.d was applied in the 
i-SGBR system with equivalent influent average ammonia nitrogen concentration of 
51.2±2.8 mg/L. The influent. The influent COD/N ratio was observed to be 12.5. The 
average value and standard deviation for TJN was observed to be 92±0.4 % with 
subsequent observed E-CLR and RAS average concentration values and standard 
deviation of 4.08±0.14 mg/L and 3.83±0.16 mg/L, respectively. The rise of 6 % in 
ammonia nitrogen was observed from RAS which might be likely due to metabolism 
process for conversion of organic nitrogen to ammonia in the clarifier. The fN was 
observed to have average value and standard deviation of 16.3±1 mg NH3-N/g. VSS d. 
In phase III-E operation carried out between days 257 to 278, its steady state was 
observed between day 269 to day 278. The average concentration of influent ammonia 
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nitrogen observed was 50.1±5 mg/L and its corresponding E-CLR effluent was 
observed to be 5.12 mg/L. The concentration of ammonia nitrogen at RAS was 
observed to be 4.8±0.1 mg!L as being slightly lower that E-CLR concentration. This 
gives average value and standard deviation for TJN as 89.8±0.2 %. ALR of 
60.2±1.2 mg NH3-N/m3.d was applied in i-SGBR system at steady state, where IN was 
observed with average value and standard deviation of 16.9±1 mg NHJ-Nig. VSS d. 
A statistical analysis (ANOV A) was conducted on the effluent clarifier ammonia 
nitrogen average concentration values obtained from the experimental data. At 95 % 
confidence level, the result has indicated significant difference (P<0.05) between the 
mean values of the concentration at respective HRT's (Table 4.28) 
Table 4.28: Phase III-Statistical Analysis (ANOVA) and multiple comparison for 
effect ofHRT on ammonia-nitrogen performance 
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Table 4.28: Phase III-Statistical Analysis (ANOVA) and multiple comparison for 
effect ofHRT on ammonia-nitrogen performance cont. 
» [c,m] = multcompare\stats} 
c = 
1.0000 2.0000 -1.1367 -0.9237 -0.7107 
1.0000 3.0000 -1.3584 -1.1453 -0.9323 
1.0000 4.0000 -1.9944 -1.7813 -1.5683 
2.0000 3.0000 -0.4346 -0.2216 -0.0086 
2.0000 4.0000 -1.0706 -0.8576 -0.6446 






The results indicated that the mean value for HRT with flow rate of 100 Lid was lower 
than the mean values ofotherflowrates having-110, 120, 135 and 150 Lid. Hence, HRT 
with a flow rate of 100 Lid achieved better performance of nitrification performance 
compared to HRT with flow rates of 110, 120, 135 and 150 Lid. 
4. 7. 3.2 Phase III results for removal of nitrate-nitrogen 
Samples were collected from influent, E-ANX-C, E-AER-C (IR) and E-CLR to test 
for nitrate nitrogen. Nitrates into ANX -C was determined based on combined flow from 
influent, IR flow and RAS flow nitrate-nitrogen concentrations according to 
Equation 3.27. Denitrification process in the ANX-C was achieved through recycling 
of the nitrates formed in the AER-C during the nitrification process. Performance 
parameters such as denitrification efficiency (TJD), specific denitrification rate (rn) and 
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L1COD/ L1N03-N were evaluated from the measured nitrate concentration and ML VSS 
concentration in the ANX-C. Detailed analysis for the evaluation of parameters is 
provided in Appendix (Refer to Table El.1 Appendix E). Figure 4.68 shows the time-
dependent profile ofE-AER-C, RAS, and E-CLR, while Figure 4.69 shows nitrates into 
ANX-C, denitrified E-ANX-C nitrate concentration and llD.Interpretation for the steady 
state values for graphs in Figure 4.68 and Figure 4.69 is provided in Figure 4.70, with 
details of results for nitrate; influent, I-ANX-C, E-ANX-C, E-AER & E-CLR. The error 
bars represent standard deviation. 
Internal recycle ratio (IR) of 6 was used throughout the experiment in phase III. IR 
ratio for phase III-A through phase III-E corresponds to IR flow of600, 660,720, 810 
and 900 Lid. Influent nitrate was observed to be in the range of 0.1 mg/L to 0.6 mg/L, 
with an observed average of0.4±0.2 mg/L. Influent nitrate nitrogen concentration was 
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Figure 4.70: Results for nitrate; Infl., Infl.-Anoxic, Effl.-Anoxic, Effl.-Aeration & 
Effl.-Clarifier vs Phases 
210 
Between days 173 to 185, steady state was observed for phase III-A. The operation 
was carried out with nitrate loading into ANX-C observed to have average value and 
standard deviation of 0.62±0.02 g N03-N/m3 d. The observed E-CLR nitrate nitrogen 
concentration of 14.3±0.6 mg/L was achieved. Consequently, influent and 
E-AER-C nitrate nitrogen concentration were observed as 0.42±0.3 and 40±1.3 mg/L, 
respectively. Nitrate into ANX-C and E-ANX-C were observed to be 38.3±1.2 and 
0.47±0.06 mg/L, respectively. The TJDpercentage was observed to be 98.8±0.2 %. The 
fN was observed to be 288±17 mg N03-N/g VSS d. Specific COD removal rate of 
0.72±0.02 mg COD/mg VSS d was determined in ANX-C. Similarly, the ANX-C 
~COD/~03-N ratio was observed to be 10.8±0.36. 
Between days 199 to 208, steady state was observed for phase III-B operation with 
observed nitrate loading rate into the ANX-C of 0.71±0.01 g N03-N/m3 d. At the 
observed steady state, the following parameters were observed as average and standard 
deviation where applicable; E-CLR nitrate-nitrogen concentration of 15±0.6 mg/L, 
influent and E-AER-C nitrate nitrogen concentration 0.4±0.2 and 41.4±0.6 mg/L, 
respectively, nitrate nitrogen into ANX-C and E-ANX-C as 39.6±0.6 mg/L and 
0.49±0.01 mg/L, respectively. The performance ofTJnpercentage and rn were observed 
as 98.8±0.04 % and 98.7±0.09 mg N03-N/g VSS d, respectively. Specific COD 
removal rate and ~COD/~03-N ratio in ANX-C were observed as 
0.39±0.04 mg COD/mg. VSS d and 10.2±0.9, respectively. 
Between days 222 to 232, steady state was observed for phase III-C operation. The 
operation was carried out with nitrate loading into ANX-C observed with an average 
value and standard deviation of 0.82±0.0 1 g N03-N/m3 d. The E-CLR nitrate-nitrogen 
concentration was observed with an average value and standard deviation of 
15.6±0.7 mg/L. Corresponding influent and E-AER-C nitrate concentration were 
observed with average value and standard deviation of 0.52±0.1 and 43.2±0.8 mg/L, 
respectively. Concentration ofnitrate into ANX-C and E-ANX-C were observed with 
average values and standard deviation of 41.3±0. 7 and 0.53±0.03 mg/L, respectively. 
TJD percentage achieved was observed as 98. 7±0.06 %. Similarly, the rn was observed 
as 242±4.5 mg N03-N/g VSS d. Specific COD removal rate and ~COD/~03-N ratio 
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observed in ANX-C were observed with an average value and standard deviation of 
0.29±0.03 mg COD/mg VSS d and 9.1±0.9, respectively. 
Between days 246 to 255, steady state was observed for phase II-D, where nitrate 
loading rate was observed with an average value and standard deviation of 
0.9±0.02 g N03-N/m3 d. With the observed nitrate loading rate, the equivalentE-CLR 
nitrate-nitrogen concentration of 16.4±0.7 mg!L was observed. The corresponding 
influent and E-AER-C nitrate nitrogen concentration were observed with an average 
value and standard deviation of 0.45±0.1 mg/L and 44.5±0.7 mg/L, respectively. The 
observed concentration of nitrate nitrogen into ANX-C and E-ANX-C were 42.6±0. 7 
and 0.48±0.2 mg/L, respectively. The observed performance based on llD percentage 
and fD were observed as 98.9±0.07% and 238.6±6 mg N03-N/g VSS .d. Subsequently, 
specific COD removal rate and ~COD/ ~03-N ratio for the denitrification process 
were observed with an average value and standard deviation of 
0.27±0.02 mg COD/mg VSS .d and 8.6±0.5, respectively. 
Between days 269 to 278 for the phase III-E operation, steady state was observed. 
The operation was observed with ANX-C nitrate loading having average value and 
standard deviation of 1.12±0.02 g N03-N/m3d. Corresponding E-CLR nitrate-nitrogen 
concentration was observed with an average value and standard deviation of 
18.1±0.5 mg/L. The corresponding influent and E-AER-C nitrate nitrogen 
concentration were observed with an average value and standard deviation as 0.29:±0.2 
and 48.4±0.9 mg/L, respectively. The observed concentration of nitrate nitrogen into 
ANX-C and E-ANX-C were observed with average values and standard deviation of 
46.4±0.9 mg/L and 0.49±0.03 mg/L, respectively. The TJD percentage observed was 
98.9±0.08 %. Similarly, fD of 252±7.6 mg N03-N/g. VSS .d was observed. Specific 
COD removal rate and ~COD/~03-N ratio observed in ANX-C were observed with 
average value and standard deviation of0.27±0.01 mg COD/mg. VSS .d and 8.1±0.3, 
respectively. 
A statistical analysis (ANOV A) was conducted on the E-CLR nitrate-nitrogen 
results obtained from the experimental data. At 95% confidence level, the result has 
shown significant difference (P<0.05) exist between the mean values of concentration 
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at respective HRT's (Table 4.29 and Table 4.30), where the results indicated that the 
mean value for HRT with flow rate of 100 Lid was lower than the mean values of other 
flow rates having 110, 120, 135, and 150 Lid. Hence, HRT with a flow rate of 100 Lid 
achieved better performance of denitrification performance compared to HRT with 
flow rates of 110, 120, 135 and 150 Lid, respectively. 
Table 4.29: Phase III-Statistical Analysis (ANOV A) and multiple comparison for 
effect ofHRT on overall system denitrification performance from E-Clarifier. 
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Table 4:29: Phase III-Statistical Analysis (ANOVA) and multiple comparison for 
effect of HR T on system overall denitrification perfomiance cont. 








































Table 4.30: Phase III-Statistical Analysis (ANOVA) and multiple comparison for 
effect ofHRT on E-ANX-C nitrate-nitrogen performance 
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Table 4.30: Phase III-Statistical Analysis (ANOVA) and multiple comparison for 
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4.7.3.3 Phase III results for removal of Total kjeldahl nitrogen and Total nitrogen 
In phase III operation, wastewater samples were obtained in influent and effluent 
of the reactor to measure TKN and TN parameters. TKN comprises ammonia-nitrogen 
and organic nitrogen which was analysed by simplified TKN method. TN consist of 
both organic and inorganic forms of nitrogen. Since TN contains all nitrogen forms, the 
influent and effluent TN were compared with the composition of its constituents for the 
experimental phases, i.e phase III-A through phase III-E. The influent TN was 
compared with TKN, influent ammonia nitrogen and nitrate nitrogen as presented in 
Figure 4.71. Effluent TN was compared with effluent TKN, ammonia-nitrogen, nitrate 
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nitrogen and nitrite. Average effluent TN concentration and its constituents is presented 
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Figure 4.72: Profile of Total nitrogen cone. forms in effluent vs Phases 
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According to Figure 4.71, it was observed that influent TN and TKN were almost 
similar, however, differ by influent nitrate nitrogen concentration. Concentration of 
influent TN, TKN and nitrate nitrogen were observed to be in the range of 
83.8-87.5 mg/L, 82.7-86.8 mg/L, and 0.3-0.5 mg/L, respectively. The low influent 
nitrate could be expected due to absence of nitrifiers. On the other hand, the 
concentration of influent ammonia nitrogen ranges from 50.3-54.1 mg/L, which when 
compared to TKN, influent organic nitrogen comprises between 37.7% (32.4 mg/L)-
39.2% (32.7 mg/L). 
Conversely, the profile of effluent TN and its components such as TKN, ammonia 
nitrogen, nitrate and nitrite was observed with TN concentration in the range of 17 mg/L 
in phase III-A to 24.3 mg/L in phase III-E. The effect ofHRT can be clearly seen with 
increase in effluent TN concentration from phase III-A operated with flow rate of 
100 Lid through phase III-E operated with flow rate of 150 Lid. TN removal efficiency 
ranges between 79.7% in phase III-A to 70.7% in phase III-E. It was observed that 
substantial effluent TN concentration was contributed by effluent nitrate resulting from 
the oxidation of the organic matter in the AER-C. The residual effluent nitrate released 
could probably be due to lack of complete nitrate return to ANX-C for denitrification. 
Nitrate was observed to contribute between 70.7% in phase III-A (14 mg/L) to 82.4% 
(18.7 mg/L) in phase III-E of total effluent TN. TKN was observed to contribute 
between 14.1 % (2.4 mg/L) in phase III-A to 21.5 % (5.2 mg/L) in phase III-E. The 
concentrations of effluent TKN and ammonia nitrogen were observed to be similar, 
with equivalent effluent ammonia nitrogen concentration ranging from 2.3 mg/L in 
phase III-A to 5.1 mg/L in phase III-E. The similarity could be due to major oxidation 
of organic matter achieved in the AER-C, and probable conversion of organic nitrogen 
in TKN to ammonia nitrogen. The difference in concentration levels between ammonia 
nitrogen and TKN ranges between 0.1-0.3 mg/L. The effluent nitrite concentration 
measured was observed to be in the range of 0.04-0.07 mg/L, which probably was an 
indication of non inhibition of nitrification process. The effluent nitrite contribution 
ranges between 0.2-0.4% which could be considered as insignificant. 
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4. 7.3.4 Phase III results for summary of operation, control parameters, and 
performance data 
In Phase III operation was observed between day 162 to day 278, five consecutive 
flow rates were operated in phases III-A (day 164-185), phase III-B (day 187 to 208), 
phase III-C (day 211-232), III-D (day 234-255) and phase III-E (day 257 to 278). These 
phases have operational flow rates corresponding to influent flow rates of 100, 110, 
120, 135 and 150 Lid, respectively. Equivalent ANX-C and AER-C HRT for influent 
flow rates were 9.6 hrs, 8.7 hrs, 8.0 hrs, 7.1 hrs, 6.4 hrs, and 30 hrs, 27.3 hrs, 25 hrs, 
22.2 hrs and 20 hrs, respectively. AD-C HRT of 1.00 day was operated for the entire 
phase. IR ratio was set to 6 corresponding IRQ flow of 900, 660, 720, 810, and 900 Lid 
for each operation in the phase, respectively. The values for the actual i-SGBR system 
SRT operated during the five stages in phase III were 20.0±0.39, 25.1±0.22, 30.8±1.05, 
35.8±0.59, and 40.9±0.97 d, respectively. These SRT's operated were within the 
requirement for range of extended aeration. 
The simultaneous aerobic digestion was operated with AD-C SRT of 10 days. The 
RAS ratio of 0.5 was set for operation during the five sub phases; phase III-A, III-B, 
III-C, III-D and III-E, corresponding to RAS flow rates of 50, 55, 60, 70 and 75 Lid, 
respectively. Corresponding i-SGBR system HRT during the five sub phases were 
2.65 days, 2.41 days, 2.21 days, 1.96 days, and 1.77 days. The equivalent average and 
standard deviation values for ANX-C and AER-C OLR were (ANX-C:2.52±0.1, 
2.75±0.05, 3.08±0.06, 3.50±0.07, 3.85±0.1 kg COD/m3 d), and (AER-C: 0.49±0.01, 
0.54±0.03, 0.62±0.03, 0.71±0.05, 0.79±0.04 kg COD/m3 d), respectively. 
In phase III-A, average values and standard deviation were observed in ANX-C, 
AER-C and lAD (RAS) as 3,362±69, 5010±65 and 13,055±360 mg/L, respectively. In 
phase III-B, average values and standard deviation MLSS concentration were observed 
in ANX-C, AER-C and lAD (RAS) as 3,514±72, 5,070±89 and 13,917±294 mg/L, 
respectively. In phase III-C, average values and standard deviation MLSS concentration 
were observed in ANX-C, AER-C and lAD (RAS) as 4,490±42, 5,166±151 and 
15,622±270 mg!L, respectively. In phase III-D, average values and standard deviation 
MLSS concentration were observed in ANX-C, AER-C and lAD (RAS) as 5,215±74, 
5212±119 and 18,107±169 mg/L, respectively. In phase III-E operation average values 
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and standard deviation MLSS concentrations in ANX-C, AER-C and lAD (RAS) were 
observed as 5,841±90, 5,237±92 and 19,475±236 mg/L, respectively. 
There was an observed increasing trend in the system MLSS concentration in 
ANX-C, AER-C and RAS. This might be due to the increase in OLR operated over the 
period which could generate more volume of sludge to accumulate in the process. It 
was observed that reactor with higher COD loading achieved greater MLSS 
concentration, due incremental observed MLSS concentration, consequently, its 
effluent TSS was observed to be at higher level compared to the effluent TSS from 
reactor with lower loading rates. Summary of the phase III operational and performance 
results are presented; i-SGBR operational parameter (Table 4.31 ), pH, DO, and 
temperature (Table 4.32), performance data of COD, BODs, sCOD and TSS 
(Table 4.33) and performance data for TKN, TN, ammonia-nitrogen and nitrate 
(Table 4.34). 
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Table 4.31: Phase III results for 'Summary of operational parameters 
Phase III 
Experimental stage III-A III-B III-C III-D III-E 
Experimental period (days) 164-185 185-208 208-232 232-255 255-278 
F:low rate, QrNF, (Lid) 100 110 120 135 150 
Hydraulic retention time eANX-C, HRT (hours) 9.6 8.7 8.0 7.1 6.4 
Hydraulic retention time eAER-C, HRT (hours) 30 27.3 25.0 22.2 20.0 
Hydraulic retention time 8r-sGBR, HR T (days) 2.65 2.41 2.21 1.'96 1.77 
Hydraulic retention time, aerobic digester, eAo-c 24 hrs 
Hydraulic retention time, Clarifier, ecLAR (days) 1.00 0.91 0.83 0.74 0.67 
Organic loading rate, (OLR), ANX-C, 2.52±0.1 2.75±0.05 3.08±0.06 3.50±0.07 3.85±0.1 
(kg COD/m3• d) 
Organic loading rate, (OLR), AER-C, 0.49±0.01 0.54±0.03 0.62±0.03 0.71±0.05 0.79±0.04 
(kg COD/m3• d) 
F/M ratio for AER-C, kg COD/kg ML VSS. d 0.06±0.006 0.07±0.004 0.08±0.007 0.09±0.004 0.09±0.004 
Solids retention time ec, SRTr-SGBR (days) 40.9±0.97 35.8±0.59 30.8±1.05 25.1±0.22 20.0±0.39 
Solids retention time ec, SRTAD-C (days) 10 
Internal recycle flow, QrNF *IR, (Lid) 600 660 720 810 900 
Vol. Pumped in each cycle (12 cycles), (L) 50 55 60 68 75 
Pumping duration, (minutes) 2.5 2.75 3 3.5 3.75 
SVI, (mL/g) 76±1.3 71±2.6 62±1.8 55±1.28 50±1.6 
MLSS in ANX-C, mg/L 3362±69 3514±72 4490±42 5215±74 5841±90 
MLSS in AER-C, mg/L 5010±65 5070±89 5166±151 5212±119 5237±92 
MLVSS in AER-C, mg/L 3021±88 3086±124 3104±142 3178±176 3228±112 
MLSS lAD, mg/L 13,055±360 13,917±294 15,622±270 18,107±169 19,475±236 
ML VSS lAD, mg/L 10,893±257 11,609±275 13,113±326 14,606±113 15,021±197 
Working RAS ratio, Ri = [X/(Xr-X)] 0.5 0.5 0.5 0.5 0.5 
Total RAS flow (RTotai) = (Ri) * QINF, (Lid) 50 55 60 70 75 
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Table 4.32: Phase III results for summary of pH, DO, and temperature 
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Experiment Operational Period Parameter Measured values 
al phase (days) Chamber Max. Av.±SD Min. 
III A-E 162-278 pH INF 6.6 5.9±0.6 4.4 
ANX-C 7.7 7.5±0.1 7.2 
AER-C 7.6 7.5±0.1 7.2 
DO(mg/L) ANX-C 0.28 0.24±0.02 0.21 
AER-C 4.89 4.45±0.26 3.98 
Temp. (0Q AER-C 33.3 29.9±1.1 27A 
Table 4.33: Phase III results for steady state performance data of organic matter and TSS 
Phase III SSP SP COD sCOD BODs TSS 
Ratio 
SSP = Steady state period, SP = Sampling point, INF = Influent, E-ANX = Effluent anoxic 
chamber, E-AER = Effluent aeration chamber, E-CLR=Effluent clarifier, COD = Total 
chemical oxygen demand, sCOD = Soluble chemical oxygen demand, BODs = Biochemical 
oxygen demand, and TSS =Total suspended solids 
222 
Table 4.34: Phase III results for steady state performance data of Total kjeldahl 





TN TKN Ratio 
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4.7.4 Phase Ill results-Determination ofbio-kinetic coefficients for carbon oxidation 
In this study, attempts were made to evaluate the performance of i-SGBR system through 
determination of biokinetic coeffidtmts; maximum specific growth rate (ji111fDC), -naif· 
velocity coefficient (Ks), growth yield coefficient (}), and decay coefficient (Kd) for 
heterotrophic carbon oxidizing bacteria. Essentially, kinetics are valuable ·to understand 
system performance and design biological wastewater treatment process. Data from the 
reactor operation was acquired to generate a relevant statistical relationship between the 
rate of cell growth and consumption of substrate. This experiment was done to evaluate the 
biodegradability of beverage industrial wastewater under aerobic conditions. 
To achieve this purpose, sCOD samples were obtained from E-ANX-C and E-AER-C 
for the period between days 162 and 278 of the experimental duration. Sludge samples to 
determine MLSS and ML VSS were obtained from the AER-C and underflow (RAS). 
Determination ofthe biokinetic coefficients in a continuous flow pilot reactor can normally 
be achieved through operating the system with various SRT, HRT, and resultant OLR until 
each steady state prevails at specified stages in the process. In this study, five flow rates 
were used which were consistent with extended aeration HRT considering AER-C volume 
of 125 L. Steady state data were obtained for the sCOD from E-ANX-C and E-AER-C, 
whereas for the biomass samples were taken in the AER-C and underflow, which were 
used to determine MLSS and ML VSS concentration for the operation. The functional 
relationship between biomass in the AER-C and underflow (RAS) is required to establish 
daily sludge wasting to main the SRT for the system operation. Equation 3.5 described in 
Section 3 .4.2.1 was used to determine the SRT at various sludge wastage (Qw ), with known 
MLSS concentration, known volume of AER-C, and known RAS concentration (Xr). 
MLSS for each day was first of all measured from the reactor and determined in order to 
maintain the SR T of the system. Data for each stage in the phase was reported as averages 
and standard deviation. 
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4. 7.4.1 Phase III results for soluble COD concentration in E-ANX-C and E-AER-C 
Samples for sCOD concentration were obtained from E-ANX-C and effluent AER-C as 
part of essential parameters to evaluate the biokinetic coefficients for carbon oxidation. 
Conditions for the operation and experimental design during the biokinetic study is shown 
in Table 4.35, where the experiment was segmented in five stages stated as phase III-A 
through phase III-E. 
Table 4.35: Phase III operational conditions for biokinetic study 
Phase III 
Experimental stage III-A III-B III-C IU-D III-E 
Steady state period (days) 164-185 185-208 208-232 232-255 255-278 
Flow rate, QINF, (Lid) 100 110 120 135 150 
Hydraulic retention time 9.6 8.7 8.0 7.1 6.4 
8ANX-c, HRT (hours) 
Hydraulic retention time 30 27.3 25.0 22.2 20.0 
8AER-c, HRT (hours) 
Hydraulic retention time 8i- 2.65 2.41 2.21 1.96 1.77 
sGBR, HRT (days) 
Hydraulic retention time, 1.00 0.91 0.83 0.74 0.67 
Clarifier, 8cLAR(days) 
The sCOD data for each steady state observed in phase III-A, phase III-B, phase III-C, 
phase III-D and phase III-E is summarized in Table 4.37. The OLR for the AER-C is shown 
in Figure 4.73 and profile for the sCOD in the E-ANX-C and E-AER-C is shown in 
Figure 4.74. 
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4. 7. 4.2 Phase III results for MLSS and ML VSS profile in AER-C 
Sludge samples were obtained from the AER-C (sample obtained from IR flow port) to 
determine its concentration required to evaluate necessary parameters for the biokinetic 
determination. The trend for AER-C MLSS and ML VSS for phase III operation is shown 
if Figure 4.75. The MLSS and ML VSS data for the AER-C for each steady state observed 
in phase III-A, phase III-B, phase III-C, phase III-D and phase III-E were summarized in 
Table 4.37. These stages were operated under different HRT, SRT, and OLR. Parameters 
such as MLSS in the AER-C was fixed and controlled throughout the duration of phase III. 
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Figure 4.75: Aeration chamber MLSS and ML VSS cone. vs Sampling Days 
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4. 7.4.3 Phase III results for MLSS and MLVSS profile in RAS 
Figure 4.76 shows the underflow RAS concentration throughout the operation in phase III 
between days 162 to 278. 
0 +---.-~--~--~~-r---r--~--~--.---,--.--_, 
164 174 184 194 204 214 224 234 244 254 264 274 284 
Sampling days 
-+-RAS MLSS cone. 
Figure 4. 76: Return activated sludge MLSS and ML VSS cone. vs Sampling Days 
The Return activated sludge concentration was determined as part of essential variables 
to maintain system SRT and retain the biomass concentration in the AER-C. Conversely, 
it can be seen from the physical trend in Figure 4. 76, the accumulation of underflow 
concentration increases with OLR for successive stages in phase III operation. This could 
be due to the addition of organic matter into the system from a gradual increase in flow 
rate during the five successive stages of phase III-A through phase III-E. However, MLSS 
concentration in RAS between phase III-A operation and phase III-E was observed to range 
between average value and standard deviation of 13,055±360 and 19,475±236 mg/L. RAS 
is an important parameter in determining the amount of biomass concentration to be kept 
in AER-C, wasting and validation ofRAS concentration from SVI. The summary of the 
RAS concentration data observed in phase III is detailed in Table 4.36. 
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Table 4.36: Phase III results for operational conditions ofbiokinetic study 
Phase III 
Experimental stage Ihl-A III-B III-C III-D III-E 
Steady state period (days) 164-185 185-208 208-232 232-255 255-278 
Flow rate, QrNF, (Lid) 100 110 120 135 150 
Hydraulic retention time 8ANX-c, HRT (hours) 9.6 8.7 8.0 7.1 6.4 
Hydraulic retention time e AER-C, HR T (hours) 30 27.3 25.0 22.2 20.0 
Hydraulic retention time 8r-SGBR, HRT (days) 2:.65 2.41 2.21 1.96 1.77 
Hydraulic retention ti:me, Clarifier, 8cLAR(days) 1.00 0.91 0.83 0.74 0.67 
sCOD E-ANX-C, So (mg/L) 232±1.7 241±6.8 254±7.8 265±7.2 278±2.3 
sCOD E-AER-C, Se (mg/L) 20±2 23±1.4 25±2.8 28±2.1 33±0.8 
Organic loading rate,(OLR), AER-C, (kg:COD/m3• d) 0.49±0.01 0.54±0.03 0.62±0.03 0.71±0.05 0.79±0.04 
FIM ratio for AER-C, kg sCOD/m3• d 0.06±0.006 0.07±0.004 0.08±0.007 0.09±0.004 0.09±0.003 
Solids retention time 8c, SRTr-SGBR (days) 40.8±0.7 35.8±0.5 30.8±0.8 25.1±0.7 20.0±0.3 
Internal recycle flow,, QINF *IR, (Lid) 600 660 720 810 900 
MLSS inAER-C, mg/L 5010±65 5069±89 5166±151 5212±119 5237±92 
ML VSS in AER-C, mg/L 3021±88 3086±1!24 3104±142 3178±176 3228±112 
MLSS in RAS, mg/L 13,055±360 13,917±294 15,622±270 18,107±169 19,475±236 
ML VSS in RAS, mg/L 10,893±257 11,609±275 13,113±326 14,606±113 15,021±197 
ML VSS/MLSS ratio AER-C 0;.60 0.60j 0.60 0.60 0.61 
ML VSS/MLSS ratio RAS 0.85 0.83 0.84 0.81 0.77 
Working RAS ratio, Ri = [X/(Xr-X)] 0.5 0.5 0.5 0.5 0.5 
1Total RAS flow (RTot;ii) = (Ri) * QrnF, (Lid) 50 55 60 70 75 
--~-- ··-····--·-- --------
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In phase III-A operation, steady state was observed between days 173 to 185. Influent 
flow rate was set to 100 Lid, RAS flow of 50 Lid (RAS ratio = 0.5Q) and IRQ of 600 Lid 
(IR ratio = 6). The ANX-C and AER-C HRT operated were 9.6 hours and 30 hours, 
respectively. E-ANX-C and E-AER-C sCOD concentrations were observed as 
232±5.7 and 20±5.3 mg/L, respectively. OLR in the AER-C based on total COD was 
ol:>~~rv~d ;:!~ 0.49±0.()1 kg CQD/m3, d. FIM in th~ AER-C was obs~rv~<l to hflv~ ;:!n av~rag~ 
value and standard deviation of 0.06±0.0 1 kg sCOD/kg ML VSS. d. SRT operated for the 
period was observed to have an average value and standard deviation of 40.8±0.7 days. 
Average values and standard deviation for MLSS and ML VSS concentration in AER-C 
were observed to be 5,010±65 and 3,021±88 mg/L, respectively. This gives ML VSS/MLSS 
ratio of 0.6. The ratio was observed to be low, however, ML VSS/MLSS ratio for extended 
aeration was given in the range of 0.6 to 0.75 [332]. MLSS concentration in RAS was 
observed to have an average value and standard deviation of 13,055±360 mg/L. The 
operation was performed in a suspended growth mode during the entire period of the study. 
The values obtained in this present work have suggested the low supply of soluble substrate 
offer to the microorganisms, which could be due to the extended aeration and low organic 
loading. These F/M ratios are possible due to relatively high MLSS and MLVSS 
concentration level maintained for extended aeration as compared to other ASP, normally 
operated with MLSS levels below 2000 mg/L [85]. The pool ofhigh biomass concentration 
and complete retention of solids all combined could make the process to be operated at low 
FIM ratio. 
In phase III-B, steady state was observed between days 199 to 208. The operation was 
carried out with an influent flow rate of 110 Lid, RAS flow of 55 L/d 
(RAS ratio= 0.5) and IRQ of 660 Lid (IR ratio= 6). i-SGBR system SRT was observed to 
have average value and standard deviation of 35.8±0.59. Average values and standard 
deviation for MLSS and ML VSS concentration in AER-C were observed as 
5069±89 mg/L and 3086±126 mg/L, respectively. This gives MLVSS/MLSS ratio of0.6. 
RAS MLSS concentration was observed to have average value and standard deviation of 
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13,917±294 mg/L. HRT for ANX-C and AER-C were 8.7 and 27.3 hrs, respectively. The 
average OLR operated for AER-C was observed as 0.54±0.03 kg COD/m3 d. F/M ratio in 
AER-C was observed as 0.07±0.004 kg COD/kg MLVSS d. Average and standard 
deviation sCOD concentrations observed for the E-ANX-C and AER-C were 241±6.8 and 
23±1.4 mg/L, respectively. 
In phase ITI -C, steady state for the operation was observed between day 222 to day 232. 
Influent flow rate of 120 Lid, RAS flow of 60 Lid (RAS ratio = 0.5), IRQ of 720 L/d 
(IR ratio = 6) were set as operational parameters. i-SGBR system SR T was observed to 
have average value and standard deviation of 30.8±1.05 days. i-SGBR system HRT 
operated was observed to be 2.21 days. The corresponding HRT in ANX-C and AER-C 
were observed to be 8 hrs and 25 hrs, respectively. The average OLR operated for AE:R-C 
was observed to be 0.62±0.03 kg COD/m3.d. Average and standard deviation sCOD 
concentrations observed for the E-ANX-C and AER-C were 254±7.8 mg/L and 
25±2.8 mg/L, respectively. FIM ratio determined in AER-C was observed as 
0.08±0.01 kg COD/kg MLVSS d. The average and standard deviation values for MLSS 
and ML VSS concentration in AE:R-C was observed to be 5166±151 mg!L and 
3104±140 mg/L, respectively. This gives MLVSS/MLSS ratio of 0.6. RAS MLSS 
concentration was observed to be 15,622±270 mg/L. 
In phase III-D operation, steady state was observed between days 246 to day 255. 
Influent flow rate was fixed for 135 Lid, RAS flow of70 Lid (RAS ratio= 0.5Q) and IRQ 
of810 Lid (IRratio = 6). ANX-C and AER-C HRToperated were 9.6 hours and 30 hours, 
respectively. The equivalent OLR in the AER-C based on total COD was observed to be 
0.71±0.05 kg COD/m3• d. FIM in the AER-C was observed have an average value and 
standard deviation of0.09±0.004 kg sCOD!kg MLVSS d. The SRT operated for the period 
was observed to have an average value and standard deviation of25.1±0.22 days. Average 
and standard deviation values for MLSS and ML VSS concentration in AER-C were 
observed as 5212±119 and 3179±176 mg/L, respectively. This gives MLVSS/MLSS ratio 
of 0.6. The RAS MLSS concentration was observed to have an average value and standard 
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deviation of 18,107±169 mg!L. E-ANX-C and E-AER-C sCOD concentrations were 
observed as 265±7.7 mg/L and 28±3.2, respectively. 
In phase III-E operation, steady state was observed between days 269 to 274. 
Parameters such as influent flow rate were set at 150 Lid, RAS flow at 75 Lid and IRQ at 
900 Lid. System SRT for i-SGBR was observed with an average value and standard 
deviation of20.0±0.39 days. System HRT for i-SGBR operated was observed as 2.21 days. 
Corresponding HRT in ANX-C and AER-C were observed to be 6.4 hrs and 20 hrs, 
respectively. Average OLR operated for AER-C was observed with a value of 
0. 79±0.03 kg COD/m3 d. Average and standard deviation sCOD concentrations observed 
in E-ANX-C and AER-C were 278±5.1 and 33±2.6 mg/L, respectively. F/M ratio was 
determined in AER-C with observed value of 0.09±0.004 kg COD/kg ML VSS d. The 
average and standard deviation values for MLSS and ML VSS concentration in 
AER-C were observed as 5,237±92 mg/L and 3,228±99 mg/L, respectively. This gives 
ML VSS/MLSS ratio of 0.61. RAS MLSS concentration was observed as 
19,475±236 mg/L. 
Linearized model was obtained by linear regression plots, where the reciprocal values 
of the specific substrate utilization rate (1/U) were plotted against reciprocal values for the 
E-AER-C sCOD concentration (liS), hence, evaluation ofthe substrate removal kinetics 
was done according to Equation 3.11 in Section 4.5. The slope of the straight line yields 
Ks/K, while 1 /k was the intercept. The values of Ks and k were expressed in (mg sCODIL) 
and hr-1, respectively. Conversely, reciprocal values for the SRT (1/8c) were plotted 
against the specific substrate utilization rate, U (mg sCOD/mg VSS. d) according to 
Equation 3.12 in Section 4.5, where the yield coefficient, Y (mg VSS/mg sCOD) was 
determined from the slope of the straight line, and the endogenous decay coefficient (Kd) 
was obtained from the intercept. Kd is measured as day-1• The maximum specific growth 
rate, flmax (d-1) was determined by multiplying coefficients k and Y according to 
Equation 3.13 in Section 4.5. 
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The continuous flow data are generated for the period between days 162 and 278 is 
summarized in Table 4.37. This data was used to evaluate the kinetic coefficients. 
Equations 3.11 and Equation 3.22 can be applied in the case of a system with recycle or 
non-recycle of sludge [303, 304]. Figure 4.75 shows data plotted based on Equation 3.13, 
in which the relationship between S:Rt and utilization of the soluble organic matter in 
wastewater represented. In Figure 4.77, it can be seen that the model showed the coefficient 
of determination R2 was 0.98 at 95 % level of significance, which is > 0.5. The model 
presents fitted data with good correlation. Based on the observed data, decay coefficient 
(Kd) and biomass yield (Y) were found to be -0.0172 d-1 and 0.72 mg VSS/mg sCOD, 
respectively. Whereas, in Figure 4.78, the linearized model was according to Equation 3.14 
and experimental data was fitted into the model. The value for coefficient of determination 
(R2) was observed as R2 = 0.99 and presents a good correlation. The rate constant (k) and 
Monod's constant (Ks) were obtained as 2.81 d-1 and 979 mg sCOD!L, respectively. The 
maximum specific growth rate, 11max (d-1) was determined as a product of coefficients k 
and .Ybased on Equation 3.13 in Section 3.5 with value observed as 2.03' d-1• 
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Table 4.37: Data for·determination ofbiokinetic coefficients. 
Steady state periods in i-SGBRdata I 
experimental phases Qo So Se Be XMLvss XMLss HRT,e 1 
Til-A tolli-E 
Lpd mg/L mg/L days mg!L mg/L hours 
173-185 100 232±1.7 20±2.0 40.9±0.7 3021±88 5010±65 1.25 
' 
199-208 110 241±6.8 23±1.4 35.8±0.5 3086±124 5070±89 1.14 
222-232 120 254±7.8 25±2.8 30.7±0.8 3104±89 5166±151 1.04 I 
246-245 135 266±7.2 28±2.1 25.1±0.72 3178±176 5212±119 0.93 
269-278 150 278±2.3 33±2.1 20.0±0.3 3228±112 5237±92 0.83 
Computed data 
(So-Se) B XB U=XBISo-Se liSe JIU = So~SeiXB JIBe I 
Exp. phase mg/L day mg/L-d day mg/L-1 d-1 d-1 
Phase III-A 224 1.25 3776 18 0.051 0.056 0.024 
Phaselli-B 213 1.14 3507 16 0.044 0.062 0.028 
Phase III-C 235 1.04 3223 14 0.039 0.071 0.033 
Phase III-D 229 0.93 2943 13 0.035 0.081 0.040 
Phase III-E 228 0.83 2690 11 0.030 0.091 0.050 
~ - ------------~---~- L__ 
Qo =Flow rate (Lid), So= Influent AER-C sCOD cone (mg/L), Se = E-AER-C sCOD ccmc (mg/L), 8c =Solid 
retention time (days), XMLvss =Mixed liquor volatile susp. Solids cone (mg/L), XMLss ""Mixed liqour suspended 
Solids (mg!L), 8 =Hydraulic retention time (hours or days), and U"" Specific growth rate (d-1) 
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Figure 4.77: Graph ofUvs.1/SRTon sCO:O basis 
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Previous researches have studied biokinetic coefficients for ASP using different sources of 
wastewater (see Table 4.38). Values ofbio-kinetic coefficients found experimentally and used to 
design biological treatment processes using ASP are also discussed elsewhere [85, 113]. 
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Table 4.38: ASP kinetic coefficients reported for various organic sources (COD basis) 
Substrate source Y (mg VSS/rng sCOD) KJ(d-1) k (d-1) Ks (mg sCODIL) J.trnax ( d-1) Ref. 
Municipal sewage 0.2-0.5 0.03-0.07 2.0-8.0 20-80 0.4-4.0 [336] 
Municipal sewage 0.4-0.8 0.025-0.075 0.8-8.0 15-70 2-10 [84] 
Municipal sewage 0.31-0.35 0.016-0.068 0.5-0.6 43-223 1.7 [337] 
Synthetic wastewater 0.49-0.58 0.037-0.151 0.63-3.75 289-293 1.28-6.46 [268] 
Synthetic wastewater 0.42-0.53 0.05-0.19 0.34-3.34 83-646 0.8-6.3 [268] 
Municipal sewage 0.62-1.25 0.0198-0.0308 2.54-3.16 311.7- 508 1.96-3.17 [280] 
Food and beverage industry 
0.2384 0.01 15.22 2.94 [277] -
wastewater 
High oil and grease rendering 
1.08-0.85 0.2-0.66 1-1.3 5580-5600 [273] -
wastewater 
Beverage industry wastewater 0.72 0.0172 2.81 979 2.03 This study 
.. --L_ ________________________ 
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It can be observed from Table 4.38 that values obtained for biokinetic coefficients in this study 
were; k as 2.81 d-1 and J.imax as 2.03 d-1• These values are comparatively within nortnal range of 
reported values for these coefficients in ASP, they also vary relatively from one another to those 
reported in literature. The yield coefficient Y obtained as 0. 72 mg VSS/mg sCOD d is similarly 
within range of coefficients reported for ASP. The decay coefficient, Kd, observed in this study as 
0.0172 d-1 is also within range of values reported for some ASP. However, half velocity constant, 
Ks, with value of 919 mg COD!L was observed to be relatively high. This coufd possibfy mean 
that the wastewater may be purely of organic nature. According to Raj et al. [317], the half velocity 
Ks for industrial wastewater generally vary between 850 to 5200 mg sCODIL [338]. Mardini et al. 
[280] performed biokinetic study on extended aeration process with aeration tank MLSS of 
5,000 mg/L. The results for k, Ks, Y and IV were observed as 2.53 d-1, 508 mg sCODIL, 
1.25 mg/mg and 0.198 d-I, respectively. Mardani et al. [280] observed values such asKs and Y 
were out of range of values compared to values reported·· for conventional activated sludge 
processes in literature. The study established difference was attributted with fact that, determining 
Ks value was affected by estimation of Kd, hence any uncertainty in estimating IV will be reflected 
on corresponding Ks value. It was also observed that Y values were increasing with increase in 
MLSS concentration. The reason concluded on the Y value was attributed to nature of substrate 
and environment of the microbial medium, which could have significance to effect changes. 
It can be observed that present study was conducted under relatively high MLSS concentration 
of extended detention times, with SRT between 20 to 40 days and HRT between 20 to 30 hours. 
Variation in the values of kinetic coefficients as compared to other ASP processes has been 
observed without major disparity from other experiments (Table 4.38). Although, Ks value was 
relatively higher than those observed in previous studies, however, it has been recognized that Ks 
could tend to vary with temperature and the nature of the substrate [192, 339]. In this study, the 
average temperature operated was 29.9±1.1 °C, which was mesophilic temperature range. 
F/M ratio (COD basis) as a substrate offer to microorganisms was generally observed to be 
low from phase III-A through phase III-E, which could probably be due to substrate requirement 
in the reduction for denitrification and endogenous process in AER-C. F/M ratio during the period 
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ranges between 0.06---0.09 kg sCOD/kg ML VSS d. In extended aeration ASP, F/M ratio with range 
of0.2-0.5 kg COD/kg ML VSS don COD basis (equivalent to 0.05-0.15 kg BODs/kg ML VSS d 
on BODs basis) have been reported [84, 333]. Values obtained in this present work have suggested 
the low supply of soluble substrate offer to the microorganisms, which could be due to the extended 
aeration and low organic loading to AER-C. The carbon requirement in ANX-C could also reduce 
the COD in the AER-C. Low F/M ratio was possible due to relatively high MLSS and MLVSS 
concentration within the range of 5,010 mg!L operated in phase III-A to 5237 mg/L operated in 
phase III-E. Extended aeration is operated with higher MLSS compared to other ASP such as high 
rate, which is usually operated with MLSS levels below 2000 mg!L [85]. The pool of high biomass 
concentration and complete retention of solids together could make the process operate under low 
FIM ratio, OLR grad:ually incre.ased :from OA9 kg COD/m3 din phase III-A to 0.79 kg CQD/m3 d 
in phase III-E. It can be observed that the sCOD removal efficiency of 91. 5 % observed in phase 
III-A reduced to 88% in phase III-E. This could be due to increase in the OLR and reduction of 
system HRT from 2.65 days to 1.77 days. 
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CHAPTERS 
CONCLUSION AND RECOMMENDATIONS 
5.1 Chapter overview 
This chapter provides a synopsis on the realization of the study objectives. The chapter 
reaffirms the research statement and discusses the study's findings. The research's 
conceptual and methodological contributions are discussed in this chapter. Finally, 
some suggestions are put forward for future research. 
5.2 Conclusions 
Present research was conducted for 278 days as pilot plant. The objectives were to 
design, evaluate performance of a continuous flow integrated bioreactor system on 
influence ofvarious HRT and OLR, determination ofheterotropic microbial interaction 
with substrate utilization, and determination of excess sludge degradation in the aerobic 
digestion chamber from food and beverage industry wastewater. The following 
conclusions can be made from research findings of the present work: 
Design and development was made to integrate treatment units comprising pre-
anoxic chamber, aeration chamber, aerobic digestion chamber, and clarifier into a 
single bioreactor system to treat food and beverage industry wastewater using 
suspended growth. Fabrication of the integrated suspended growth bioreactor system 
(i-SGBR) was achieved concentrically with common wall construction of all treatment 
chambers. Compact bioreactor was integrated to have first treatment unit as anoxic 
chamber with volumetric capacity of 40 liters, followed by aeration chamber with 
volumetric capacity of 125 liters. Aeration chamber effluent settles in final clarifier had 
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volumetric capacity of 100 L. The clarifier has achieved effective settlement of sludge 
formed in reaction chambers with clarified wastewater supernatant discharged. Aerobic 
digestion chamber was in between aeration chamber and final clarifier, although its 
operation was independent. The aerobic digestion chamber was fabricated with 
volumetric capacity of 75 liters. The bioreactor system was fitted with user friendly 
automated control systems, regulating the pumps, pH sensor, mixing devices, and 
compressed air. 
Treatment efficiencies under different operating conditions (OLR, HRT, and IR) 
were studied based on bioreactor performance. Where in phase II, ANX-C and AER-C 
HRT ranges between 9.6-21 hrs, and 30-66.7 hrs, respectively. The corresponding 
average OLR's for ANX-C and AER-C ranges between 1.34-3.05 kg COD/m3 d and 
0.21-0.50 kg COD/m3 d, respectively. Removal efficiencies of COD, BODs, TSS, 
nitrification efficiency, denitrification efficiency, TKN and TN ranges between 
94.7-97.9 %, 97.8-99.0 %, 92.7-96.6 %, 94.7-96.7 %, 98.6-98.8 %, 96.6-97.7 %, and 
80.6-82.8 %, respectively. The performance of bioreactor for organic matter and total 
nitrogen removal were achieved above 90 %, except for TN that was observed to be 
below 90 %. The reason for TN removal below 90 % was due to residual effluent nitrate 
concentration form AER-C. In phase III, ANX-C and AER-C HRT ranges between 
6.4-9.6 hrs, and 20-30 hrs, respectively. The corresponding average organic loading 
ra.tes for ANX-C (lnd AER-C ranges between L77-2.65 kg CQD/m3 o and 
0.49-0.79 kg COD/m3 d, respectively. Removal efficiencies for COD, BODs, TSS, 
nitrification, denitrification, TKN and TN were obtained between the ranges of 
95.2-97.9 %, 98.0-98.7 %, 91.2-94.6 %, 89.8-95.6 %, 98.8-98.9 %, 93.7-97.2 %, and 
70.7-79.7 %, respectively. Variation of OLR in phase III was observed not to have 
significant influence on COD removal efficiency. The COD removal efficiency was 
observed in narrow range between 95.2-97.9 %. Increase in averages MLSS 
concentration to 5,139 mg/L in phase III could probably influence the increase in COD 
removal efficiency. 
Denitrification in the anoxic chamber had nitrate removal efficiency continuously 
observed above 98% irrespective of the HRT and OLR. Increase in ANX-C biomass 
concentration could be responsible to accomplish effective denitrification performance. 
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Conversely, the E-CLR nitrate concentration was observed to be higher with 
decreased HRT and increased OLR. Hence, it can be concluded that removal efficiency 
generally decreased with decrease in HRT. Similarly, higher loading rates applied to 
the bioreactor resulted in the reduction of system efficiency, which may be expected 
since any organic loading above the maximum microbial uptake will be untreated. 
Denitrification performance between IR ratio of 6 and IR ratio of 3 achieved average 
of 28.1 % higher denitrification efficiency. There was no effect on ammonia-nitrogen 
and COD concentration supplemental removal performance due to variation ofiR ratio. 
The pre-denitrification and aerobic processes have accomplished effective reduction of 
total nitrogen and COD during the continuous operation of the system. Consequently, 
operation with i-SGBR system has conformed with national allowable limits for COD, 
BODs, ammonia-nitrogen and nitrate according to DoE Malaysia discharge standards. 
Bio-kinetic coefficients were studied on sCOD basis to evaluate carbon oxidation 
for heterotrophic bacteria at average MLSS concentration of 5139 mg/L, and AER-C 
OLR between 0.49-0.79 kg COD/m3 d. The values of the bio-kinetic coefficients were 
obtained as: Yield coefficient, Y = 0.72 mg VSS/mg COD, decay coefficient, 
Ki= 0.017d-1, maximum specific growth rate, P,max = 2.03 d-1 and half velocity constant, 
Ks = 979 mg sCOD/L, respectively. The experiment was performed at average 
temperature of 29.9±1.1 °C. The biokinetic coefficient evaluated would be useful to 
scale up operation and realize continuous system improvement. 
Aerobic digestion was monitored with solids retention time of 10 days. Excess 
activated sludge from underflow was fed daily into the aerobic digester during phase II 
and phase III of the operation. Degradation ofMLSS and ML VSS were monitored in 
the aerobic digester. pH in the AD was constantly monitored with observed average 
value of 7 .1. Efficiency of aerobic digester was found to decline with increase of 
influent aerobic digester solids concentration. Odors, clogging or foaming in AD-C 
were not detected during operation of aerobic digester. Where in phase II, aerobic 
digestion performance achieved reduction between 14.4-19.3 % for MLSS 
concentration, and 20.4-31.7 % for ML VSS concentration. The range for lAD MLSS 
and ML VSS concentration were 6,299-12,515 and 4, 798-10,719 mg!L, respectively. 
While, in phase III operation, aerobic digestion performance achieved MLSS reduction 
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between 7.3-14.3 % and ML VSS reduction between 9.8-18.6 %. Range for lAD MLSS 
and lAD ML VSS concentrations were 13,055-19,475 mg!L and 10,893-15,021 mg/L, 
respectively. 
5.3 Research contributions 
The following are main contributions of the research. 
1. Development and integration of treatment units into a single bioreactor has 
offered a common wall construction approach to realize a compact wastewater 
treatment system. This compact system can be used as a packaged plant for easy 
mobility, deployment as well as accomplishing DoE Malaysia regulatory limits. 
2. Treatment of beverage industry waterwater through integrated and compact 
wastewater system was successfully accomplished. Removal of COD, TSS and 
total nitrogen were satisfactory. Improvement over conventional methods was 
achieved, especially systems that are unable to attain reduction of nitrate 
nitrogen due to absence of anoxic chamber to perform denitrication functions. 
3. Simultaneous operation of aerobic digester subsystem has reduced excess 
sludge production, with subsequent sludge handling in terms of wasting 
minimized. 
5.4 Recommendation for future research 
1. Modelling and data simulation for dynamic behavior of carbon oxidation, 
nitrification and denitrification may be considered for the prediction of process 
performance under various operational conditions and wastewater sources. 
2. Integration of other devices with aerobic digester may enhance solubilization of 
COD to accomplish considerable degradation of sludge when higher sludge 
loading rate is operated (e.g sonication device, and alternating anoxic/aerobic 
cycles to monitor performance). 
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3. Nitrous oxide is among the intermediate pollutants in denitrification process. 
Wastewater treatment plant operations have been reported to contribute towards 
the green house emissions. Detailed analysis may be considered for nitrous 
oxide (N20) generation and mitigation of its effects. 
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DESIGN WORK SHEET 
Table Al.l: Design for BODs removal and nitrification 




BOD Removal with Nitrification, Denitrification and Aerobic Digestion 
Capacity: Flow Rate, Q 150 Lid Llday 
Guidance:Yellowcells are input information to besuitablyfilled.Green cells are to be reviewed and 
modified/updated. 
s 
Qes9l;ipti.on of P1.1rameter .Vall(e Unit Refet:ence No .· .. 
Quantity of Sewage C~ .. ~· ~~w 100.00 Lpd 176 
&.1& m3/d 
-
1 Raw Sewage Characteristics Data 
_1 Average Sbvvol:l<dluv~ entering the """'""""tplant lpd 
Ill Assume Peak Factor_ 2 Peak Sewage flow entering the tplant,Q m3/d 
I '.};i~u·,pb lpd 
3 BOD 350 gfm3 
4 sBOD 83 g/m3 
5 COD BOO g/m3 
6 sCOD 179 g/m3 -
7 rbCOD 113 g/m3 
8 TSS 210 g/m3 
9 vss 146 gfm3 
10 TKN 40 g/m' mg/L= g/m
3 
11 NH4-N 25 g/m3 
12 Ne (Assumed effluent Ammonia concentration) 0.5 Q/m3 
13 TP 7 g/m3 
_14 Alkalinity 140 as CaC03 
15 bCOO/BOD ratio 1.6 g/m3 
Develop the Wastewater Characteristics needed for 
2 design 
a.bCOD 
bCOD · 1.6(BOD) 
560 g/m3 
b.nbCOD 
nbCOD = COD- bCOD 
240 g/m3 
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Table Al.l: Design for BODs removal and nitrification cont. 
S~o Description of Parameter Value Unit ! Reference j 
b.nbCOD 
nbCOD =COD · bCOD 
240 'J ~m 
c. sCOD effiuent 
sCODe =.COD -1.6sBOD 
46.99 wm3 
d. nb\'SS 
··-·----·· - ~ -- -~- ---"---.- bptoo:peoo; (l.6(BOD-SBODf(COD:scoD)j "·-----------· --- -~-· r•~ ~- •'• • 
0.69 
nbVSS = 0· bpCOD:pCOD)VSS 
45.34 glml 
e. iTSS 
iTSS = TSS . VSS 
64.17 wmj 
: 
! jDesign for suspended growth for BOD remoraland ~itrification 
Pz;lil =(QY (So·S))/(1+(~1SRT) +((fd)(kd) Q (Y)(So·S)SRT)/(lt(ka)SRT) + (QYn (NOx))/(lt(kmnSRT) .......... (1) 
a 
3 !Determine the specific growth rate for the denitrifying organisms 
Xot~ that it is ~!Wltia! to cakulat~ the specific gro\\th rate for the denitri~ing organi;m became they grow more slowly than the 
het~gtrophie 9tg~illll t4t remo>e orgJ!li~ q.rbon. 'fhisl!l~S th~t th;y· contrgl the tlnk ~~gn. ®! 7 -93) 
I"'"'"···~ 
1-·--- 'I.e:\ DO 
1··~-- 11. = (·············) (·············) . kdn C' ............................................ 6/} 
[-·-·""-' K..:.:.; K,.:.oo 
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Table Al.l: Design for BODs removal and nitrification cont. 
Design of Pilot Study Sewage Treatment Plant Extended Aeration Process 
BOD Remo\·al mth Nitrification, Denitrification and Aerobic Digestion 
Capacity: Flodate, Q lSO Lid Lfday 
'1.,-:N DO 




Table A 1.1: Design for BODs removal and nitrification cont. 
. i i I I 
S No J Destriprion of Parameter ' \'slue 1 Unit · ; Referen~e 
' . . . . . . ' I ' . 
1 l ! i 
-----L----··---· . --·---------~---1----·~----+-·------~---~-~-. 
5 iDetermine the theoretical and design SRI 1 i ! 
·~~~-,4.....,......~~~---=--~,-~~----~-~~--.~~~-~-~-=-.o>"f-~.....,,~"'"=-
f l f 
I . . . . I 
~ . I 
·------~~--~-~-~---~~----·~-·----~~~--~----·--r---·~--.. -r----~-; -·---------------------~ 
---r------------------·---~--~-----~r-···-·--~,~-----: --------· 
I . . . . . I i I 
-·------1~)~ddesign SRT (Eq 7. 71) ·--~-~·-··--·-· . . . . 
........ , 
' ___ i 




I Design SRT = (FS)(Theor~tiea! SRT) 
___ ,_T-·--·-·-~·--------·-·-··-------~·.,·-·~·-·---,·-·······-·-···-r·-·---···-·""'"'""'T"""""'""''-'"'"'"'"'"""""'""'"''"'"''""''"''"'"''''""' 
i =1.5*4.79 I 7.18! .I 
..-...--~~=;~...,_,,,,,,,,_......"'.,.,... __ .... ~.-~~~~·-..,..,....~~~~~··--"~--·~~,.,~.,.,.,_>='=_,.""""'....,., .. :~~·~-----..,.,..._,_ ... _ i - .., ____ ,,,,,.,"'_""-'""'~"'"'"''"''-~-,~·~-
=-=-"""""'"'"l---'""'*-· ------~-~~,.,...,....--_ ,,....,.__~,..,.,_.,..,,...._,..~,.  ...,j, __ .,,_._"'~~-.....,,..,~~,.,.,.---,~-~---""""''"----,...""""',.,..... ..... '""""",_....",,_ 
/Assume Design SRT to be according to window for 1
1
'Metealf & EOOy, 4th Ed., Table ~-16, 
, , days 
!extended aeration ASP ZO.OOi ip!. 746 
---T-----~----------· --------~---r---~--+---·--;.:-:::---------------
----~----- ----------L-----+-----'---.. ---·--------.. -·---. . I 
6iDetermine Biomass producrion . ----·--r-·-.. ~----~-------~----.~---·· i ' ~-~------
1 1 I I 
-----··-··r-·----:--·--·--~---··.-··--.--------~--~-~-.--.. ---k-------t-· ---~ ~-------
---------~~~~~e ~_flfs~-~~~a~~~~_!;~------~~-·--~+----+---____ 1 --------~---··---
1 t I I 
=F~~~~~;-~~~~;=f-==t---=-- iso~~>omf4i~;;~~ 
~--·--l~--·------.. -·-------·~---·"'"'""'"''"'""''~·-----~--····-~ .. -J.~ .. ---.-~J _______ ,,,,t._., .. , ___ , .. ,, ____ ""-"""" ... ""'''"''"-"""'""""' 
i \ 1 i 
""'""'"""i~-- .. ~--,~--·----~--.................... ,,,, .... ,,,, _ _.,,, ___ ~·~-'~"""~'"-'""''"''"'--+-----·~,.---·--""""'"~"-"'"'""''"-'"""""'"""'"'"'" 
...... , .. ..1.~-------~----~ .. ~-~--~"-"""""''"""'""""""''"'"l.."""~-----t----~-~1: -----.. ~-----------
---.. ~~-j~ ________ .. _,,,,, ___ , ___ ,,,.,,,,.-~, .. , .. , .... ~-~-~J_ .. _____ ~i~. ---~· ~--.. _ .. , __ ,.,.,.,.,,,,,.,., .. -"'.~ 
1{. h t ll • ' I : i :se t e 10 omg: i 1 
r----..,:_-----------1---+----ir-·~--· -· ---,~-.. -----
Table 8-10 K, !0.00 g!ml 
........ ,, .. --j-:---------------+---t----=---ll'----------·"'-----~~--
1"""'"'"""'"11.:..;;:•'-----~-------+---6+--=~f'-.d--tl---·~------------·--"-"'-
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Table Al.l: Design for BODs removal and nitrification cont. 
Asmne NOx is SO% of TK.~ as nitrogen ba141lce cannot be 
yet. The error in assmning that the NOX is SM~Th\) is 
nitrifter VSS yield is a small fraction of tot~ MLVSS 
= Part A t Part B 




oxidized to nitrate 
268 
-13.37499922 
ralue is obtainl consider 
is completely oxidized) 
Table A 1.1: Design for BODs removal and nitrification cont. 
I 
'SNo Description of Parameter I Value t Unit Reference 
' 
(If(-) value is obtain. consider ' 
I 
i i :~i_t!oge_nj~ 
I 
I 
81 Detemine the concentration and mass of YSS and TSS in aeration basin 
' ~;-,~"'--"-~_,,..,._, __ £ ~-~~~-"''-""'-' 
i 
Mass = Px (SRT) ! 
' ! i 
, (a) Calculate the concentration ofVSS and TSS 
I i 
in aeration basin 
! 
i Use Eq 8·15, p.lrts A, Band C have I I I 
i alr~ady been det~rmined .lsP 1,~: i I 
i therefore p.lrt 0 must be added to get 
[(i)Px,v;s=P.,• ·Q(nbYSS) !~ \Px.\<» 
' Px,bio 0.0119, ~/d 




I I (ii) Px.r» = (Px,tit! 0.85). Q (nb\'SS) + Q(fSS,-
I vss.) (1) I i 
I 
i Use Eq S-16 with the term E 4dded to 
1 
i I account for inert influent TSS 
(Px,bio I 0,85] O.OUO [g·d i 
Q(n~~SS] 0.0068 ~!'! 
I 
' 
' Q[TSSo -~~~o)· 0.0096 
I 
I I 
[ I pl I 
i I i 
·' I 
·(b). Calculate the mass of YSS and TSS in the I i i ltc:~Equ~iro ?·M ~?-55in T~ I I aeration basin I , 9-~ Mitci/I&Edd;. lthEd i I 
i i ! 
i 
I 
' I I i 











(X,.1;;) (V) :(?,,m) SRT 0.3738 kg 
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Table Al.l: Design for BODs removal and nitrification cont. 
·. ! ... ·· ... : .. :; .... . •. I . . ~ ,'i . ~Noi nea,mptioa ofPaiam:eter .Value ·· · Unit . ...•. · ~efeteace . < .• I . 
CXm) ~) = (P,,d SRT 0.3738 kg 
[ (ii) Mass o£MLSS 
!(Xm) 
1(9) 
(P~m) 0.0304 kgid 
SRT 20.00 dayi 
. (Xm}~).:(Pl,nJSRT 0.6082 kg 
! 
91 Select a design A!LSS mm concentration and determine the aeration tank rolume and detention time using the TSS mass 
computed in prerious step 
it." • tL11 aeration tank volume 
' I(\) (Xm) :0.8374 kg 
I At MLSS. : 5000 wmi 
Volume, I= t>"i •• qll; x: 1::•·•; .p.l••• .. ).' 
. ·-~-·-~---
i·~J~iei-J''•.•••. -----I 




r=- Fnuiltion 10 19.5 bra n 
I c. Determine MLVSS 
Fraction VSS = 1ofMLSS 0.61 
Hen~, MLVSS • : 0.53 : ()000 ~m3) 3073 g!ml 
i 
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Table A 1.1: Design for BODs removal and nitrification cont. 
Dtnripdoa of Parameter Refereate 
\Y,:. vu < \:SS,TSS:; C,53 
~-~ ''i''~C' ~' .J, "~-"-~~ ... •••--• .~~w- ~~~~ '"'"~'~ - .. ~.,,~ ~~'<' """"-~ ~·~-"'" -<0>~~~~ -•·"~ ,.~·~---~·· - •••O M •c~•t 
14 
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Table A 1.1: Design of clarifier 
.htu.mt a llytfr,aulif .tppliutioa rat• (}1.\.Rlof:Z m'·m'.d; ,' T ~H~i> S~":, rJillf~ t'i. 16 t~· :~ m4 r.a-,d~ 
1t llf:J"a't ~1111 for tilt St<O(I<bey clJrifitr m1 .:.d. p1,··-~-s· 
~:u ~t!~ : -5~t Al ~t ~~-..lt:~ :¢,~•~ .... ~y--::-!:h a::.;t 
~:~~~-)~~J 0~-~~~"~- -~-~ "~~ -~ 
i Use diameter 1.5ceas one calculated iO"comply with range I 
I for solids loading of 71<.glm' .d (Settling following extended i i I 
t·-=f~~i~=L-=~--· __ :_=--~=----------~--+~--~~---m--+--:---=_====~-
i ____ L_~------- . New A1ea of clarifier= i 0.01411 m' -------· _______ ~__ ____________________________ r--· i 
; I 1 
1 
I Acceptable, as not exceeding 71<.g 
1 1 l ji<.g MLSSim'.h 1 MLSSim'.h according to table S-7, 
; ___ -L------------·--·-----~el~§_c>]~loaQ.irl!!.:L ____ ]].L_ __ ~---·-----·-·-. 
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274 
Table Al.2: Design for denitrification cont. 
Reference 
100.00 l~ 
1 [Av~ra~~~e~~~~ ~~w ent~nn~ ~e rreatment ~lant 
L Pea~ ~~wa~e ~ow entenn~ t~e tr~a!ment ~lant, Q 
o oCOD 
i r~COD Not~: 
~~NO~ 
1J[IP 
~~I Re~ioual M~lincy 
L ~~e~~n conainons: 
Paramenler 
. 
IIIIIU~IIliiUWI dl~ 1.1~ milaar t Nitrate wncentration in RA~: o wmi 
I em~erature ~~ oc ~. U~e ~e same wefficients as ~e nim~ca~on ~rocessaesi~ 
~~~~ wmi J M~in~ ener~ lor anonmactor = ~~ KWI1~i ml. 
MlV~~ J~B wml 
[Aerooic~r l~.~~ 0 
[Aera~on Da~in volume 1.1~ ml 
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Table A1.2: Design for denitrification cont. 
ASiume 1),000 mUl Ml~ in RA~ 
MlV~Stontententratlon = 1~000 * 0.8) mUl 
atomic wei~M o!Nmale (1Q'j * 1~) = o~ ~ 
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Table Al.2: Design for denitrification cont. 
s i 
No' _ · ~sc~tio~ of,P~ra~ter Valle una Reference .... ·" .. _, ....... .... .. .. 
' "''" ' -- '" "" 
c n. I tne IR ratio due to Aerobic tanK +Digester 
(fq~48). 
!Aerob~ lanK NOrll ef~uen! concentration = Ne = 4.~~ ~ml 
NO:( 
IR = -- ·1.0· R fquation 1l 
Ne 
= (Cl8+ C70~m\l (4 wm3) .to. CJ2 8 unttless 
· the amount of IIOrll fed to the anoxic tanK from 
: Aeration tank 
: 
flow rate to anoxic tank = IR Q + Rg= l.li m
1/d 
12l4Al 
N~ feed= (1.)1 m1/dll4~ dm3) 
: 1 [Determine the anoxic volume due to Aerobic+ Digester 
!AS 8 frS! o~~IUAIIIIDlilln, USe 8 de!en!iOfi !ifne: 8 0 8.0 n 
Vnox=r'Q fquation B 
: 
Detention time = ~ n I(l4 hid) = O.ll aay 
Vnox= 0.0~ m: 
mo ~ers 
Provide anox~ to nearest 1mh Lner for Denttrification '', Mers 
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Table Al.2: Design for denitrification cont. 
HenceF~~ 
the SIIDR using the cur~e with an FIM1 range of 0 
and vice versa 
: 11 Determine the O!Y9en savingand net oxygen for llitrit 
t ~ (wahout deniTrification)= 0.0050 kglh Refer to ste~ 12, BOD Rem. + fUnfica!n 
: 
; Oxygen cred[ = (2.86 Ollg NO;-N) !112.1· 6.0] glml (0.045 m3/d) (1Kg/103 g) 
i : 0.0111 kgld 
i 0.000464553 Ka/11 
i 
I Net Oxvqen required = 0.0046 kglh 
' 9.26 
: 
llote the required aeration rate w~ decrease ~ proposrtion to a 
lower Ro. The oxygen required can be reduced by 20 percent. 
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Table Al.2: Design for denitrification cont. 
s I I J ! I ! I 
Hoj ~ ,~s~~n of~a~a~~er" Value , ,~ \_ .. -~~ "J _,_ .. ···"··~ . . . .. ~~renee ~>-,.<~~ ~-- ..... ~-·<>-'-~-<~ ... 
: 1l Cneck a!Kalinizy 
1' a) Prepare an a~alnay ba~nce 
Altalmey !o mam!ain pH -1 = Influent A It . Alt used +A~ lo ee 
; added 
i. Influent altalmey 44~.~~ wm
1 
il Altamzy used m.l£ wml 
... -_ ·.-
ii. Altalmey produced 9l.i8 ~ml. 
' N. Aka~ey needed lo maintain neutral pH S~.OO 
wml as CaCOl 
' (o) Sowe lne anove equation for altalm~ lo oe added 
i 
Alt to be a!lded = (iv • i+ ~ iii aoove = -2J8.66 ~M as CaCOJ 
Mass of ahlinzy nee~ed = -0.0JJ8 ~~d 
-35.1989 ~d 
' 
c) Compare !o a~alnay needed for ntnflcaliDn 
: 
i for !ne ninnca!ion onW desiqn, lne abin~ needed was o.om twd 
;' Alkalinity savings = on~ twd 254.~ 
13 Determine anoxic zone mixing energy 
' ltlocing energy= 10 tW/10
3 m3 rawen1 0.010~ 
' 
Anoxic volume due !o Aera!iDn = 0.0525 ml 
Power= (Anoxic volume,m1l* (10 kW/101 m1l = 0.000J25 ~~~ 
0.5250 w 
' Use 0.5 W submers1ole pump witn speed rpm (spee~) controller 05000 w 
~"-~--~··'""""'"~·-~-"'" __ ,_~·"~~-····>-- ···--- "*"' ~·-- - ____ _, "'"··~---.......... ~.-~ .... -•• -
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Table Al.2: Design for aerobic digestion 
2.~··. 
j IWa1tewater (~aracteri1tics ~ala 
~~te: 
1~/~~alin~ 







Table A1.2: Design for aerobic digestion cont. 
t u tion 14 Mackenzie L 03\ies, Section t1-JJ 
Qi = inijuent avera~e ijow rate to di~ester, m3/d = volume to oe disposed of per . ~ 
10 da s 
Assume volatile fraction of di~ester TSS is 0.~0 
Slud~e conc.ln di~ester is 10% of!ne incoming tnickened ~lvd~e cone. 
Assume air temperature in diffused air s~stem = t0°C 






(1'1'•1'• l.\.,1 ~· li," ' r·-
nn ·'·\·ur• ,\IW~Ii,,n i 
, ~ ) ; 
Table Al.2: Design for aerobic digestion cont. 
,, 
J Compute Volatile solids reduction at 18°C 
Volatile solids reduction at 2rcwill oe Jo% ~-~118888 ~wa 
4 Determine oxygen requirement 
see Ta~e 14·J4 for oxvQen reQuiremenl) 
' 
Oxygen re~uirement = ~.~21J442 KgOio TABI.EIH2 
21.J4 gOid 
T)]lital d~illll crittrill lor 'trubir 4i~;ltl'!l 




SRT til IUttl l'SRP1 
A11rc lllu 
5 Volume of sludge to be wasted daily based on RAS line Ar!llf ,j()d 
i l0;1t lffC ~-Q~d i 
Qw = !V1) I ISRT. Xr) Equation 16 kJ:i! )5"( 0!1ild') 
(0at;o"C 
: fJilllS'C 
V = vol. of aeration tank ~.12164~~ m1/d v.,l~ik ~~~~~~ liiaQi!& llUI~Im1 ·4 
X = MlSS conc.ln aeration lank ~ijijij wm1 
lAY&<'" n<quirrm~nll: 
(dltil\11\' ·l.1 kw Otl:t VSS d<'.ltmyi'i! 
Xr = RAS cone. UOil1 in pri~J!Y xludtt !!I lQI~0~1gVSSdl\1nJ)~d 
Oxyttn crn!l,nlroli® :~lmR't 
Qw: (CSJ m3 I ~ijQij wm1) I (40 days 1 1~00QWm3) o.ooooo2~ m1/a 
Air il"w m:~> h1r •mt:~n 
w.~~ ;~;ti1.1kll ;l~sciWASJ f1!11l00lilm111llin m
1 
~-~~241~~ I~ Mi~cd ~ria1:v.r ,\n4 WAS (I (1)4. 0.0~1 m
1
1min . a? 
Mi1ins trq;irw~nl! -
Assume Design digester inflow B I~ Mr.hJIIi\al •~raloNmiw> 1\l-lllkWJIOi mi 
llifiu1cd ;ir 1nixini: 0.02·0.\»(lnhnin · m
1 -
m11d 
oldU\t,;n m VSS JK-501~ -
~.0015 fani~O\Cf.lillll -i lltjl{niurdiffuscdair 45-l.lm -lkPlh f,~ mc\bJni,"JI ;~ir .tr.m 




Volume of Digester= 0.0723938 m' W:ll l:lt\)1.11 
t:W >,):! -
-
n.m~~ lners 'PsRI' • ~~it~ li,i!nif~lB[) Q~._~ r~lx')<.ih. -
hriiJJtl>lll'ly~,~ Mtitlllikm 
it<:i!ill JOm )1'1!; \kkllf & I'IM;. ~X1J: F S.l'P:\, In: ~H. I~~. -
-
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Table Al.3: Design for aerobic digestion cont. 











Kj~lnilro!tn ~~ 1m 
Nifr~~e;N WA ID 
r~' 1~-lll 100 
!oi~H 1.i~ ~ 
~- ~11500 11 
.• krm~rt.l~. 
Table Al.3: Design summary output 
Design Parameter 
Average wastewater flow 
Average BOD Load 
.A.verage TKN load 
AerobicSRT 
Aeration tanks 
Aeration tank volume. ea 









Clarifier hydraulic application rate 
Clarifiers 
Alkalinity addition as caco3 
Effluent BOD 
TSSe 










i<g BODtm3 .d 
kg!d 
kg TSS!kg .bCOD 










ANOXIC TANK FOR DENITRIFICATION 
Design Parameter Unit 
Effluent N03-N g/m3 
Internal recycle ratio . Unitless 
RAS recycle ratio Unitless 
Anoxic volume m:; 
MLSS gfm3 
Overall SDNR g N03-N/g MLSS.d 
Detention time h 
Mixing power kW 
Alkalinity required kg/d as CaC03 
DIGESTER FOR AEROBIC SLUDGE DIGESTION 
Design Parameter Unit 
Effluent N03-N g/m3 
Flow to digester m3/d 
Digester volume m3 
MLSS in RAS g!m3 








































DATA FOR OPERATION AND CONTROL PARAMETERS 
Table Bl.l: Phase II: Sludge data ANX-C, AER-C & RAS MLSS AND ML VSS 
~ 
0 .J 
0 "" 0 Ol .... E 
~ 
~ 
~ !J. .J .J .Ql 0 )oo( 
"" "" en .J Ol Ol .J en 1- "" 
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08106115 1 1642 1525 o.s 1723 1440 38 S20 534 0.8 1,873 
10/06115 3 1683 13S6 0.8 1760 13S3 37 8S7 510 0.8 1,S62 
12106115 5 1722 1325 0.8 1813 1410 41 853 470 0.8 2,107 2,126 
15106115 8 1164 1214 0.7 1860 1333 3S 825 444 0.7 2,310 2,255 
17106115 10 1803 12S3 0.7 18S7 1363 37 700 36S 0.7 . 2,710 
1S/06115 12 2065 1418 0.7 2067 1413 41 655 317 0.7 3,077 3,155 
- , ___ -·~·--
'2203 
, , '• ·~,-~·· --- .,- - ,,, 3,130 ---3.363' 22106115 15 1500 0.7 2283 15SO 41 67S 2S7 0.7 
24106115 17 2447 1600 0.7 2440 1710 3S 665 273 0.7 . 3,66S 
26106115 IS 2744 1S24 0.7 2443 1740 37 60S 24S 0.7 3,873 4,012 
2S/06/15 22 2676 2006 0.7 2530 1847 35 56S 225 0.7 4,233 4,446 
01107115 24 2850 2347 0.8 2620 2100 38 582 222 0.8 . 4,502 
03/07/15 26 3026 2526 0.8 2885 2350 4S 541 188 0.8 4,880 5,333 
06/01115 2S 3156 24S3 0.8 3020 2603 45 4SS 165 o.s 5,5S3 6,052 
08107115 31 3363 2556 0.8 3171 26S3 44 52S 167 0.8 6,005 
10107115 33 34SS 2712 0.8 3063 2633 41 4SS 163 o.s 6,260 6,13S 
13107115 36 3153 2517 0.8 3230 2843 43 507 157 o.s 5,S20 6,371 
15/01/15 38 3472 27S2 0.8 3071 2680 3S 466 151 o.s . 6,602 
11101115 40 3220 241'1 0.8 3140 2710 41 4S5 158 o.s 6,01'1 6,343 
20/07115 43 3501 2657 0.8 3053 2640 41 465 152 o.s 6,250 6,566 
22/01115 45 3447 2563 0.7 3280 2867 41 472 160 o.s . 6,250 
24101115 47 3475 2678 0.8 2S63 2570 41 4S4 167 o.s s.sso 5,SSS 
27107115 50 3376 2656 0.8 3100 2147 38 454 146 o.s 6.867 6,828 
2S/01/15 52 3507 3083 o.s 3010 2560 40 466 155 o.s 6,323 6,45S 
31107115 54 36S7 3227 o.s 3580 3167 42 4S8 13S O.S 6,873 7,1SS 
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03108115 57 3547 2S77 0.8 3273 28S3 40 486 148 o.s 6,330 6,735 
05/08/15 5S 3412 2822 0.8 3373 3000 41 528 157 o.s 5,877 6,38S 
07/08/15 61 3504 3031 o.s 3030 2627 36 463 153 o.s 6,123 6,544 
10/08/15 64 3530 2S46 0.8 3163 2753 43 452 143 o.s 5,780 MSS 
12/08/15 66 3448 2S44 o.s 2S23 2510 38 45S 157 o.s 6,103 6,36S 
14108/15 68 3556 2S83 0.8 3047 2660 41 450 148 o.s 5,767 6,770 
11108115 71 3532 3122 o.s 3250 2833 3S 4S4 152 o.s .. ~.2JQ --~!~~ ·--~ "'•"F,-•---~ ' ---·-·---·- ~ -_,.,,, __ .,." .---~-o<M• ~~ ~· ,L,.,, _, ·- ·--·-· -·~·- ~ ·<- • ... 
13/08/15 73 3556 3106 o.s 3087 2710 3S 443 144 o.s 6,257 M68 
21/08115 75 sus 3062 o.s 3353 2S40 42 482 144 o.s 6,283 6,357 
24/08/15 78 3485 3045 o.s 3313 2SOO 40 457 138 o.s 6,527 7,250 
26/0S/15 so 3417 3057 o.s 3163 2650 40 465 147 0.8 6,117 6,803 
28108/15 82 3576 3120 o.s 3250 2710 40 473 146 0.8 6,330 6.871 
31/08115 85 3520 3003 o.s 3077 2627 3S 468 152 o.s 6,157 6,574 
02/0S/15 87 3527 3020 o.s 3373 2S60 40 4SS 148 o.s 6,320 6,760 
04/0S/15 8S 4277 3743 o.s 3570 3027 3S 477 134 o.s 7,147 7,484 
07/0S/15 S2 4230 36S3 o.s 3827 3277 3S 4SS 130 o.s 7,680 7,684 
OSIOS/15 S4 3SSO 3217 0.8 36SO 3170 41 507 137 o.s 6.367 7,278 
11/0S/15 S6 3657 2S37 o.s 3780 3283 40 514 136 O.S 6,SS7 7,354 
14/0S/15 ss 37S3 3160 0.8 3483 2S60 35 44S 12S 0.8 7,173 7,758 
16/0S/15 101 3665 2S1S 0.8 3603 3070 41 453 126 o.s 6,347 7,354 
18/03/15 103 361S 3056 0.8 3350 2843 38 461 138 0.8 6.$37 7,267 
21/0S/15 106 3765 3165 o.s 3500 2S71 33 468 134 o.s 7,113 7,473 
23/03/15 108 35S5 3045 o.s 3317 2730 33 463 140 0.8 7,037 7,163 
25103115 110 3634 3081 0.8 3360 2817 40 446 133 0.8 6.343 7,534 
28/03/15 113 3658 3075 o.s 3557 3033 37 471 132 o.s 6,863 7,551 
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28/0S/15 113 3658 3075 0.8 3557 3033 37 471 132 O.S M63 7,551 
30/0S/15 115 3753 3227 O.S 3353 2847 37 447 133 0.8 7,173 1.502 
02110115 117 360S 3036 0.8 3517 3063 40 45S 128 O.S 7,037 7,7S2 
0511011~ 120 3672 30S2 0.8 3373 2823 41 435 12S 0.8 6,S17 7,755 
07110115 122 3681 3101 0.8 3387 2867 40 462 136 0.8 6.SS7 7,330 
OS/10115 , 124 3760 3120 0.8 3577 3080 41 444 124 O.S 7;307 8.056 
12110115 127 3782 317S 0.8 3380 2857 3S 432 128 0.8 7,2S7 7,824 
14110/15 12S 36SO 2SS7 0.8 3500 2S67 41 441 126 0.8 7,1SO 7,S37 
16/10115 131 3648 2S88 0.8 3350 2843 37 434 130 0.8 7,537 7,71S 
IS/10/15 134 s;$27 4 757 O.S 3727 3040 38 457 123 0.8 8,557 8,155 
21110115 136 5147 4673 o.s 4107 3423 3S 463 113 0.8 8,127 8,870 
23/10115 138 53S3 4S$0 O.S 3877 3430 37 3S5 102 O.S MIS M14 
26/10/15 141 51S3 4570 O.S 3607 31S3 30 353 S8 O.S 10,160 10,217 
28110115 143 4863 43S3 O.S 3173 3277 2S 328 87 O.S 11,230 11,504 
30110115 145 4S4S 440S O.S 3643 3113 30 288 7S O.S 12,237 12,650 
02111115 148 4803 41SS O.S 3787 3280 30 2S2 77 O.S 12,513 12,S68 
04111115 150 504S 4362 O.S 3653 31S3 2S 281 77 O.S 12,887 13,001 
06111115 152 4S27 424 7 O.S 3870 31S7 31 2S6 76 0.8 12,433 13,074 
OS/11115 155 4SS7 427 4 O.S 4503 3420 33 332 7 4 0.8 12,517 13,564 
11111115 157 5132 4356 0.8 5047 3283 3S 3S4 78 0.7 12,270 12,80S 
13111115 ISS 5071 . 4203 0.8 · 5273 3620 40 402 76 0.7 12,623 13,118 
16111115 162 5184 4384 0.8 5110 3660 37 373 72 0.7 12,637 13.861 
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16/11115 162 5184 4384 0.8 SHO 3660 37 373 72 OJ 12,637 13,$61 
18/11/15 164 4068 2S15 0.1 5383 3613 44 418 18 0.1 12,710 12,87S 
20/11/15 166 40SS 3071 0.8 5171 3347 40 380 73 0.6 13,013 13,623 
23/11/15 16S 372S 2117 0.1 5430 3350 41 3S6 13 0.6 12,733 13,712 
25111115 111 3814 2836 0.1 5040 3271 43 412 82 0.1 13,133 12,233 
27111/15 113 347S 2625 0.8 5267 2S63 42 400 76 0.6 12,500 13,167 
30111115 116 3306 2442 0.1 4S43 2SS3 42 3SS 81 0.6 12,S40 12,38S 
02112/fS 118 333f 2503 0.8 5000 3133 4f 3S5 7S 0.6 12,483 . f2,658 
04/12115 180 3413 2477 0.7 4853 2S63 41 3S7 82 0.6 1$,343 12,225 
07/12/15 183 331S 2366 0.7 5011 3133 40 386 11 0.6 13,170 12,SS7 
OS/12/15 185 3327 2386 0.7 4S83 2S37 40 383 11 0.6 13,340 13,011 
11/12115 187 4012 307S 0.8 5580 35S7 36 360 65 0.6 14,0S3 15,500 
14/12/15 1SO 3856 2S2S 0.8 5311 3347 37 370 70 0.6 13,171 14,36S 
16/12/15 1S2 3605 2S2S 0.8 5173 3083 35 350 68 0.6 13,817 14,781 
18/12/15 1S4 3S04 3267 0.8 5610 3430 40 403 72 0.6 13,453 13,321 
21/12/15 1S7 3883 318S 0.8 5003 2S13 33 333 67 0.6 14,147 15,025 
23/12115 1SS 35SS 2773 0.8 5111 3087 36 357 70 0.6 13,417 14,332 
25/12/15 201 3501 2884 0.8 5200 3300 35 353 68 0.6 14,180 14,731 
28/12/15 204 3576 286S 0.8 5043 2S63 36 35S 71 0.6 13,S03 14,048 
30/12/15 206 345S 2S13 0.8 4S77 3030 36 357 72 0.6 14,147 13,S40 
01101116 208 3436 . 2832 0.8 . 5013 3050 . 31 . 365 13 0.6 14,010 13,735 
04/01116 211 4348 3878 o.s 5850 3810 34 358 61 0.7 15,060 16,341 
06101/16 213 4766 413S o.s 5143 3017 34 34S 68 0.6 14,547 14,737 
08101116 215 4362 3705 0.8 55S7 3427 33 341 61 0.6 15,100 16,413 
11/01/16 218 44S4 3800 0.8 5443 32SO 32 335 62 0.6 14,700 16,24S 
13101/16 220 45S6 381S 0.8 5110 3113 32 336 65 0.6 15,2S7 15,$87 
. ..... .. ~~" ' -···~ ······•·· ~ ,, _, .. 
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18101116 225 4474 3781 0.8 4SSO 3050 30 313 63 0.6 15,320 15,342 
20101116 227 4563 3853 0.8 5220 3160 32 334 64 0.6 15,680 15,623 
22101/16 223 4473 · sass O;S 5240 $143 31 325 62 0.~ 15.~40 16;12$ 
25101116 232 4477 3807 o.s 5030 28S7 2S 304 60 0.6 16,027 16,546 
27/01/16 234 5323 460S o.s 5863 3SOO 26 2S5 50 0.7 17,620 1S,876 
23/01/16 236 5521 4681 0.8 5600 3623 28 316 56 0.6 16,SS7 17,722 
01102116 23S 5003 445S o.s 52S7 3073 25 278 52 0.6 11,870 1$,053 
03102/16 241 55S6 4743 0.8 5703 3603 24 274 48 0.6 11,287 20,815 
05/02/16 243 5127 4577 o.s 5167 3020 25 278 54 0.6 18,213 18,585 
08/02/16 246 521S 4443 o.s 5387 3460 25 283 53 0.6 18,117 13,034 
10102116 248 5206 442S 0.3 5203 3083 25 285 55 0.6 18,167 18,257 
12/02116 250 5105 4483 0.3 5057 2357 24 266 53 0.6 11,877 13,013 
15102/16 253 5310 4650 0.3 5243 3152 26 288 55 0.6 18,037 18,206 
11102116 255 5236 4356 0.8 5110 3240 25 283 55 0.6 18,337 18,26$ 
1$/02116 257 61SS 535S o.s 5303 3783 23 2S1 4S 0.6 1$,803 20,286 
22/02/16 260 5787 5054 0.3 5243 3527 tS 248 47 0.7 1$,480 21,142 
24/02/16 262 6114 5314 o.s 5663 3660 23 28S 51 0.6 1$,067 1S,5S6 
26102/16 264 6058 5641 o.s 5250 3320 20 250 48 0.6 1$,800 21,000 
29102/16 267 5S8S 52SS o.s 5607 3420 21 275 43 0.6 1$,367 20,388 
02/03/16 26$ 5815 5222 O.S 5347 33$8 20 270 47 0.6 tS,$17 21,277 
04103/16 271 5$74 5111 o.s 5210 3177 20 254 4$ 0.6 1$,707 20,512 
07103/16 274 5784 4$84 o.s 5133 31$3 20 258 50 0.6 1$,560 1S,8S7 
OS/03/16 276 5878 5101 o.s 5117 3100 20 260 50 0.6 1$.433 19,310 
11103/16 278 sm 5178 o.s 5320 3270 20 258 48 0.6 1$,727 20,620 
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Table B1.2: Phase II data for pH, DO and temperature 
,.., 
a: e a: UJ Q 
a: Ill (9 UJ 
UJ .,. 0 f-~ J (~ Ill H UJ w DATE DAY ~ (_?-~ 0 m _.c 0 0 I o.c 
(j z:o J z a: z a: 
o.c O.c 0 (j UJ 0 () UJ 
- J u. Ill u. f-.c 
~ Q 0 a: 
a: c a: ~ w ,_ UJ 
~~ ~ () 
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Table B1.2: Phase II data for pH, DO and temperature cont. 
ll: 
ll: ll: ll: w 
ll: w ll: Ql w w 
w 1- w :2 1- 1-
Ql t~ Ql <( 
00 (~ 
:2 W e :2 w w 
IJ. 
DATE DAY (9- I (9 I!! 
IJ. 
<( _.o <( 0 w 







Table Bl.2: Phase III data for pH, DO and temperature 
rc 0:: a: 
0:: ill rc ill rc ill 
w f- UJ f- w f-
Ill C1 ~ Ill 
(ry 
Ill to 
:f ill G z :f ill :f w il. DATE DAY G- G (9 il. <( _.o ~ <( l.l <( w I o.o I Ci I 0 ·o J oc 0 z 0 z 0:: O.o,., w 0 0 0 l.l ill 
Oi Q ~ il. Ill il. o e c 0 a: 0:: m w a: 5 0 :l ~ l.l ,t ill 




' • .1.\J -·~ :.j,i . .) 
., ~ 
~u..; :,~) i4J EAJ vo:. 
\!,! "~ \:L&S !'I loC.l\ \'i \ ''C\ MLV~SM \1'\'C.~.'I' ·~" ··-'--, ..... 1 ..... \ .1, k>v ,, ......... , r .... 1 ... .,. ~ :ay 
~r~;·Lj :.~r~1} ~r.&r;_tt;· "IT'".'! 1 i..SS ra~Q ~s.s ~a:o il\ f,c,r;: ... ; ~ .. ~ 
(A) (8) (C.J (0) ;(E):W. (F):0/8 (G) 
50 6,867 5,350 0.78 
52 6,323 4,847 4,940 3,193 0.78 o.ss 75 
54 6,873 5,167 5,377 3,560 0.78 0.69 75 
57 6,330 5,037 4,917 4,000 0.78 0.79 75 
59 5,877 4,240 4,350 3,470 0.74 0.82 75 
61 6,123 4,733 4,627 2,560 0.76 0.54 75 
64 5,780 4,420 4,243 2.657 0.73 0.60 75 
66 6,103 5,080 4,670 3,633 0.77 0.72 75 
68 5,767 4.220 4,213 2,407 0.73 0.57 75 
71 6,270 4,323 4,670 3,023 0.74 0.63 75 
73 6,257 4,553 4,637 2,453 0.74 0.54 75 
75 6,283 5,173 4,823 3,227 0.77 0.62 75 
78 6,527 5,010 4,833 3,193 0.74 0.64 75 
80 6,1n 5,170 5,007 3,383 0.81 0.65 75 
82 6,330 4,927 4,723 3,320 0.75 0.67 75 
85 6,157 4,890 4,793 3,353 0.78 0.69 75 
87 6,320 5,033 4,610 3,190 0.73 0.63 75 
. 
APPENDIXC 
AD-C AND WASTING RATE MASS BALANCE 
Table C 1.1: Phase II data for solids mass balance and underflow 
F:ow A:-~ E.A) A'\f'l ·~" .~:~.c VL~S 
~~)~/ass= 
. ~.., k .. i·v 
1':1·~~.' S:-\,~s Ctst-oye{ ;, s~·::~·~ ra~e-~~ 
\~ess. ''·'"'"' l'il'~~ 
.• ) ... l\.'w 
-~CCJ~L "" .•.• 1-•• , ~""' !' {!ig:c;. f·-' ' '- '':"'"" {li~.:·j; M'w~v 





(H) (J):,.l,'/5 (f():8'7.5 [L) (M:) (f~):fvlll (P):M;.1·M: (Q]:,I,,.K;(P'75) (R):(Q/J,.,)'lO.O 
51,500 8,145 5,613 0.69 
7.5 47,425 36,350 8,138 5,647 0.69 (6.7) 15,650 30 
7.5 51,550 38,750 8,128 5,630 0.69 (10.0] 9,425 20 
7.5 47,475 37,775 8,138 5,633 0.69 10.0 13,025 25 
7.5 44,075 31.800 8.142 5,640 0.$9 3.3 15,425 32 
7.5 45,925 35,500 8,128 5,630 0.69 {13.3) 9,575 22 
7.5 43,350 33,150 8,138 5,633 0.69 10.0 12,025 26 
7.5 45,775 38,100 3,122 5,617 0.69 (16.7) 6,500 15 
7.5 43,250 31,650 8,125 5,610 0.69 3.3 13,875 30 
7.5 47,025 36.175 8,122 5,603 0.69 (3.3) 7,325 17 
7.5 46,925 34,150 8,128 5,607 0.69 6.7 12,375 26 
7.5 47,125 38,800 8,122 5,610 0.69 (6.7) 8,625 18 
7.5 48,950 37,575 8,125 5,617 0.69 3.3 9,300 20 
7.5 46,325 38,775 8,138 5,623 0.69 13.3 9,175 19 
7.5 47,475 36,950 8,145 5,627 0.69 6.7 8,875 IS 
7.5 46.175 36,675 8,162 5,637 0.69 16.7 9,550 20 
7.5 47,400 37.750 8,152 5,640 0.$9 (10.0) 9,175 20 
--L__ ____ . - --·-
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Vass ·J~ ,,..."''""1 
v;ast~g ·,:333R s.~;_ 
.'1\.,,1,.., 
::~( {Uc') :c:;a.l w:~:e ~ w:s::/ 
~a;e: [rr~fC·j {C) 
\rrg:~; {~·'jj 
(BJ=.~ .•. ,·r. (T):(VX)I(s,·.c.) (U):(V'X)I(Q,1.~.) (Y.):(S){Q) (\')/(~.) 
1.5 37.6 
1Q,300 1.5 39.7 {5350) (0.8} 
9,485 1.5 41.5 so 0.0 
10,997 1.6 40.4 {2028) (0.3} 
10,128 1.6 41.3 (5297) (0.9) 
9,403 1.6 36.2 (172) (0.0) 
9,797 1.6 42.8 (2228) (0.4) 
8,670 1.5 38.3 2170 0.4 
9,765 1.6 41.3 (4110) (0.7) 
9,515 1.7 ~.3 2190 0.3 
10,032 1.6 38.5 (2343) (0.4) 
10,011 1.6 41.7 1386 0.2 
10,053 1.6 39.7 753 0.1 
10,443 !.S 40.0 1268 0.2 
9,883 1.6 40.1 1008 0.2 
10,128 ts 39.0 578 0.1 
10,159 1.7 40.4 984 0.2 I 
Table C 1.1: Phase II data for solids mass balance and underflow cont. 
iAJ E.~J WI EAJ !~D fAJ Vo; 
F?~J\'1 
fAJ .~,.. ~J.c 
A~.: 
A}C VLSS \~:ss ~f Acu:: 
t4:~ Vass·! 
Jt'.·.,}·v 
l;:LVS.Sl &~.;js t~~ye-d: ~~ So'.:~js W:s:1~ :.S32.R S~"T! 
P~l ~~ ~.~iSS., 1/L'iSS: VLVSS: '/:LVS$~'M ~~tVSS.''/1 ·~,.. 
ra:e :: 
V3SS. V1LS.S1 1/~VSS, A~-=-~m. ':.N( (Lie) :c7;c1 wes:~: D;y 
.H .. w·v 1 M.~"'V .A).C [rrg/c) PI~~ \!i.g:'o} Ces1'0yej ra:~; (rr1;:'~f fl'\) 
was:::: 
[rr,;iL;r {m;iL) fn:gJL) trr~1} LSS :a:-; LSS 13:0 .;L} ,,...."''"' (!\'giL:· {rr.g.,.L) t.' ... '-· [ii.g'L} ~ '.,J ;' {tr~:'6} ;uc} 
fUd) 
\lf.'~·.H.jl ra::J 
(A) (8) [C.) (0) (E):C/~. (F}:0/8 (G) (H) (,J):.n5 (K):8'7.5 (L) (M;) (r~):M/L (P)=M;.rr·.·l; (Q)=J:.•·K·[P'?5) (R);(QIJ,,,)'lOO (S)=A:.1'T (T):(VX)I(ec'Al (U):(V')i)I(Otrl\) [V):(S)·(Q) (Y)/(~.) 
To' , 85 6,157 4,890 4.793 3,353 0.78 O.S9 7.5 46.175 36,675 8,162 5,637 0.69 16.7 9,550 20 10,128 t.S 39.0 578 0.1 
87 6,320 5.033 4,610 3,190 0.73 O.S3 75 7.5 47,400 . 37,750 8,152 5,S40 0.69 (10.0) 9,175 20 10,159 1.7 40.4 984 0.2 
89 7,147 5,377 5,093 4,320 0.71 0.80 75 7.5 53,600 40,325 8,138 5,643 0.$9 [13.3) 8,075 17 10.112 t.S 39.0 2037 0.3 
92 7,680 6,233 5,580 3.483 0.73 0.56 75 7.5 57,600 i 46,750 8,132 5,637 0.$9 (6.7) 7.350 14 IH35 1.6 38.9 4085 0.5 
94 S,967 6,200 5,.213 4,060 0.75 0.65 75 7.5 52,250 i 46,500 8,145 5,643 0.69 . 13.3 10,100 18 12,288 I.S 41.4 2188 0.3 
96 &,997 5,673 5,303 4,250 0.76 0.75 75 7.5 52,475 I· 42,550 8,155 5,640 0.69 ' 10.0 8,950 17 11.147 f.& 40.2 2197 0.3 
99 7.173 5,617 5,277 3,573 0.74 0.64 75 7.5 53.800 . 42,125 8,162 5,630 0.69 i S.7 9,850 19 11,195 f.& 35.1 1345 02 
101 S,947 5,897 5,113 4.217 0.74 0.73 75 7.5 52,100 . 44,225 8,145 5,637 0.69 I (16.7) 10,825 20 11,477 1.& 40.5 S52 0.1 
103 6,997 5,743 5.303 3,950 0.76 0.69 75 7.5 52,475 • 43,075 8,152 5,&50 0.69 &.1 8,525 16 1M20 1.5 38.4 1895 0.3 
106 7,173 5,787 5,277 4,1&3 0.74 0.72 75 7.5 53,800 • 43,400 8,148 5,657 o.s9 1 (3.3) 9,325 18 10,495 1.5 39.0 1170 0.2 
108 7,037 6,120 5,037 4,017 0.72 0.6& 75 7.5 52,775 : 45,900 8,138 5,647 0.69 (10.0) 8,650 16 10,760 1.5 38.6 2.110 0.3 
110 6,943 5,760 5,030 3,873 0.72 0.67 75 7.5 52,075 I 43,200 8,148 5,657 0,69 10.0 8,825 17 10,555 1.5 40.3 1730 0.2 
113 6,SS3 5,860 5,170 3,800 0.75 0.65 75 7.5 51.475 • 43,950 8,145 5,643 0.69 (3.3) 8,375 16 11,109 1.6 36.8 2734 0.4 
115 7,173 5,123 5,277 3,697 0.74 0.65 75 7.5 53,800 I 42,925 8,142 5,830 0.69 (3.3) aaoo 17 10,981 1.6 36.5 2181 0.3 
' 
117 7,037 5,987 5,037 3,963 0.72 0.66 75 7.5 52,775 I 44,900 8,148 5,617 o.ssl. 6.7 8,400 16 11,477 1.6 39.7 3077 0.4 
120 6,917 5,847 5,123 4,067 0.74 0.70 75 7.5 5t875 I 4~850 8,145 5,630 0.69/ (3.3) 9,175 17 10,555 15 40.6 1380 . 0.2 
122 6,997 5.773 5,303 3,860 0.76 0.67 75 7.5 52,475 43,300 8,148 5,623 o.ssi !! 3.3 8.325 16 10,375 1.5 40.3 2050 0.3 
124 7,307 5,823 5,403 4,123 0.74 0.71 75 7.5 54,800 43,675 8,145 5,&20 0.69. !! (3.3) 9,050 17 10,495 1.5 40.8 1445 0.2 
127 7,297 &,093 5,490 4,243 0.75 0.70 75 7.5 54,725 45.700 8,148 5,630 0.69 i 3.3 8,850 16 10,960 1.5 38.6 2110. 0.3 
129 7,190 6,070 5,293 4,360 0.74 0.72 75 7.5 53,925 i 45,525 8,1S2 5,623 0.69 . 13.3 8,200 15 10,945 1.5 40.6 2745 0.4 
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Table C 1.1: Phase II data for solids mass balance and underflow cont. 
l'~ ~4) 
lt"\ EAJ ~4: ~4D VeL 
f~w ~.~ '"'" l~ 1\ 
A~~ 
AJ..C '.~LSS H .. """~": t -',' ... ~.; ',i.ij ti1J 1\.l"'V !i'J·V M."':-.<~', 
r~e:~ l~DI/ess. \\LVSS1 &:.:,~, ;..,~ ... y~·~ .~,, &·~:,js -Was:~~; ~~G3~ .SR!= 
-t,C~~ ·:.;t ' •• ~it' 
1111:\; l',l'~ 1111 ·~~ 1'(1 '~!\ 1"1'(\~il( Ul\'~~!1' AC~C \~:=~~ Hi~!\ VLV~S; Acr.:;m 
I. ,.,<y ..... .., •• '# • .,,~.,: 
':il( ~L:c; a~~ a! was~~, 
j.;y 
t .. 'lrv; r ... \d"! J .• ~.~. ,./..,., ,, .. /.,..,,,, 
'''""'"'" lJ 
~~ 1\ ![1\H\ 
·1·¥•~<: ,,, .. \i ... ! 1'.:;; [rr.g:Cj ~~sz.oy~j ~a:e: ;~rgi~} ld·:f 
was:e; 
[n~~!Lj {m;"L) (n~~:l: {~~I:~ I 1\~ 1;~,~ ! ~~ ~:~.;'\ rn 
H;..'v • '·!f\li 
i.rrt;.:dj frr~lL) 




(,•\) (E:) ICJ (D) (E): CIA (F):DI8 (G) (H) (J):P/7.5 ft')·B"~ t'" {.;j (l) [M:) (M)ii·Ail [Pj:M,dvl; (Q): ,t;.1·K,(P'75) (F:):IQIJ;:l)'\00 (SJ·. ·r :~ ·1-l;.j (T):(\Ii{)/(5i 'A) [U):(V'i·:)I(Q,,.,u,j (Y):(SJ.(Q) (\')/(.4] 
it i···· : 
127 7,297 6,093 5,490 U43 0.75 0.70 75 7.5 54,725 45;700 S,148 ·5,630 0.69 3.3 8,850 16 10~60 1.5 38.6 2110 0.3 
129 7,190 6,Q70 5,293 4,360 0.74 0.72 75 7.5 53,925 45,525 8,1S2 5,623 0.69 13.3 8,200 15 10,945 1.5 40.6 2745 0.4 
131 7,537 6,157 5,827 4,133 0.77 0.67 75 7.5 56,525 4$,175 8,148 5,633 0.69 (13.3] 8,750 IS 10.785 1.5 37.0 2035 0.3 
134 8,557 6,873 6,523 5,163 0.76 0.75 75 7.5 64,175 51,550 8,142 5,640 0.69 !6.7] 5,475 10 11,305 1.5 38.1 5830 0.7 
136 8,127 7,167 6,823 5,657 0.84 0.79 75 7.5 60.950 53,750 8,135 5,653 0.69 (6.7) 10,925 17 13,691 1.6 39.5 2766 0.3 
138 8,913 7,150 7,080 5,613 0.79 0.79 75 7.5 66,850 53,625 8,125 5,663 0.70 (10.0) 8,075 13 11,784 1.5 37.5 3709 OJ 
141 10,160 7,620 8.847 S,190 0.87 0.81 75 7.5 78,200 57,150 8,112 5,650 0.70 (13.3) 10,700 IS 12,924 1.5 30.4 2224 0.2 
143 11,230 8,570 8,547 7,073 0.7S 0.83 75 7.5 84,225 84,275 8,098 5.643 0.70 (13.3) 12,925. 17 14,732 1.5 29.0 1807 0.2 
145 12,237 10,253 9,743 7,283 0.80 0.71 75 7$ 91,775 76,900 8,095 5,630 0.70 (3.3) 7~75 9 13,476 1.2 30.0 5901 0.5 
14S 12,513 10,380 9,523 7,380 0.76 0.71 75 7.5 93,850 77,850 8,102 5,S27 0.69 S.7 13,425 15 14,684 1.2 30.4 1259 0.10 
150 12,887 10,550 10,167 7,350 0.79 0.70 75 7.5 9&,650 79,125 8,115 5,637 0.69 13.3 13,725 15 15,016 1.2 29.3 1291 0.10 
152 12,433 11,093 9,710 7,863 0.78 0.71 75 7.5 93,250 83,200 8,108 5,630 0.69 (6.7) 13,950 14 15,464 1.2 30.8 1514 0.12 i 
155 12,577 10,603 IO,SOO 7,543 U4 0.71 75 7.5 94,325 79,525 8,118 5,620 0.69 10.0 12,975 14 15,542 1.3 33.2 25S7 0.20 I 
157 12,270 10,823 10,460 8,357 0.85 0.77 75 7.5 92,025 81,175 8,108 5,633 0.69 (10.0) 13,900 15 15,721 1.3 39.4 1821 0.15 
15S 12,623 10,393 10,640 8,230 0.84 0.79 75 7.5 94,675 77,950 8,118 5,640 0.69 S.3 13,375 15 15,338 1.3 40.2 19S2 0.16 
.. _1&2_ 12,637 _10.92! 10,640 '-- 8,360 0.84 0.77 75 7.5 94,775 ...... 81,925 8,108 5,650 0.70 (9.3) 13,450 14 15,779 1.3 37.3 232$ 0.18 
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Table C 1.2: Phase III data for solids mass balance and underflow cont. 
l~D EAD ~~) E~D lC EA~ Ve~. 
f:bVI -,., A:l..f\ .•. :"",("I A~~c A71" \I.,J.~~ M:ss c.1 .4ct~a: 1:·:.-." t4J l,{:ss: t.l;~i . J" ·,"''.., .. v \~LVSS~ • o~""\1 ··-~" &-:_cs ~es~ye{ :·Q S£~f·iiS Was!~g ~SG3RS~1: 1'1 t;.~ ll.j~~ \~PiSS. 1JLVSS, 'lLVSS(\~ MLVS.S1M A~C 
<ira;, 1J 
v~ass. MLSS: MLVSS: Acc~m t.itl: {b'd} :c;;a;; w=~=~ 
Day 
.............. ..... ~..; ... : A).C (1T~{6) VLSS {rr:g/a) d-es~)ye--: ta:ef ~m;!d/ tj) 
w;s::, 
frrj;ft) !trg.·L;· {ltgti ~m;/L} ~ss r:iv iSS!!!~; '!' ~ft~/C} jrrQ'L) irr.gl} {rr.g'l} (rr9:·s; [L.'~) \-;' --fJ,·:n rafv ,•Vr 
(.~) (8) (G.) (OJ (E):CIP. {F):OIB (G) [Hl (J):A'7.5 (K):8'7,5 (L) (M:) (l>l):MIL (P):M.t·M, (Q): J,:t:K.(P'75) (R)•(QIJ:.,)'IOO (S):A:a'T {TJ:(VX)I(~~ ·~.) (Uj:(V'Hji(O;r~\) {Y):(SJ·(Q) (Y)I(,G.) 
162 12,637 10,923 10,640 a,3so 0.84 0.77 75 7.5 94,775 81,925 8,108 5,650 11 0.10 (9.3) 13.450 14 15,779 1.3 37.3 2329 0.18 
164 12,770 11,157 10,727 9.053 0.84 0.81 75 7.5 95,775 83,675 8,071 5,643 0.70 (37.3) 13,900 15 15,164 1.2 43.5 1264 0.10 
166 13,013 11,600 10,413 8,953 0.80 0.77 75 7.5 97,600 87,000 8,048 5,853 0.70 (22.7) 10.475 11 15,324 1.2 3M 484$ 0.37 
169 12,733 11,350 10,&97 9,253 0.84 0.82 75 7.5 95.500 85,125 S,065 5.667 0.70 16.7 11.225 12 15,616 1.2 41.3 43Sl 0.34 
171 13,133 11,083 11,013 8,910 0.84 0.80 75 7.5 98,500 83,125 8,058 5,860 0.70 (6.7) 12,875 13 15,280 1.2 42.9 2405 0.18 
173 12,500 11.283 10.453 9,207 0.84 0.82 75 7.5 93,750 84,&25 8,052 5,647 0.70 {8.7) 14,375 15 15,760 1.2 41.7 1385 0.11 
176 12,940 10,607 10;773 8,383 0.83 0.79 75 7.5 97,050 79.550 8.062 5,633 0.70 10.0 13,450 14 15,000 1.2 41.6 1550 0.12 
178 12,483 11,050 10,387 8,940 0.83 0.81 75 7.5 93,625 82.875 8,048 5,640 0.70 (13.3) 15,175 16 15,528 1.2 4!.1 353 0.03 
180 13,343 10,970 11.210 8,653 0.84 0.79 75 7.5 100,075 82,275 8,015 5,630 0.70 (33.3] 13,850 15 14,980 1.2 4H 1130 0.08 
la3 13,170 11,207 11.020 9,303 o.a4 0.83 75 7.5 98,775 84,050 8,042 5,627 0.70 26.7 14,025 14 16,0!2 1.2 40.2 1987 0.15 
185 13,340 11,127 1l077 8,670 0.83 0.78 75 7.5 100.050 83,450 8,0a2 5,633 0.70 40.0 12.325 12 15,804 1.2 39.9 3479 0.26 
187 14,093 11,593 11,893 9,480 0.84 0.82 75 7.5 105,700 86,950 8,048 5.S27 0.70 (33.3) 15.600 16 16,675 1.3 36.0 1075 0.08 
190 13.177 11,553 10,$57 8,$30 0.83 0.76 75 7.5 98,825 8S,650 $.038 5,613 0.70 (10.0) 19,800 1$ 17,617 1.3 37.0 (2183) (0.17) 
192 13,877 12,150 11,653 10,117 0.84 OJ3 75 7.5 104.075 91.125 3.045 .5,603' 0.70 &.7 7,200 7 16,411 L3 35.0 9271 0.67 
194 13,453 U.757 IW3 M10 0.83 0.80 75 7.5 1oasoo 88,175 3,052 MSO 0.69 6.7 15,400 15 17,346 13 40.3 1946 0.14 
1 1s1 14,147 12.613 11,780 10,237 0.83 0.81 75 7.5 106,100 94,600 8,038 5,583 ' 0.69 (13.3) 7,300 7 16,817 1.3 33.3 9517 0.67 
i 199 13,477 12,260 11,243 10,017 0.83 0.82 75 7.5 101.075 91.950 8,042 5,593 0.70 3.3 13,900 13 17,683 1.3 35.7 3783 0:28 
' 201 14,180 12,277 11.857 9,767 0.84 0.80 75 7.5 106,350 92,075 7,975 5,600 0.70 (&6.7) 14,000 14 1S,84S 1.3 35.3 2$46 0.20 
204 13,903 12,137 11,520 9,623 0.83 0.79 75 7.5 104,275 9t025 3,035 5,590 0.70 60.0 10,825 10 17,725 1.3 35.9 6900 0.50 
20S 14,147 12,127 11.780 3,677 0.83 0.80 75 7.5 106,100 90,950 8,012 .5.607 0.70 (23.3) 15.075 14 17,379 1.3 35.7 2304 0.16 
208 14.010 12,243 11,780 9,537 0.84 0.78 75 7.5 105,075 91,825 8,022 5.533 ! 0.70 10.0 13,525 13 17,683 1.3 36.5 f15S 0.30 
211 15,060 12,783 13,14~ 10,210 0.87 0.80 75 7.5 112.950 95,875 8,032 ;M10 i 0.70 10.0 ______ 8.!_~ 8 18,213 1.3 34.4 -- 9763 0.65 , ___ ---- - -~--------------- ---
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Table C 1.2: Phase III data for solids mass balance and underflow cont. 
----- -
·- ~~=l t~=· ·~ E~-~~ \l~· F-~'H EA) .~,... .A.).C A: .. c .4)-C \ ·~s.s ~~.~. .... t:~o~ . ..) U< 
t:aJ ~:s~~-
..... .,~ ..... '.':?:s.; ~~ ~::.i~ 
\'_5~ l, .. _"-.5·~: \~~vs~. \JtLV5.5. \'!...\'5~-,.: 't'LVE: .,: ~.J.c 
~::~ :~· 
~.'ss.s. 1/~SS. 'L.VSS 
v~vs.s~ 
.A.~c;:·· 
s" :s :~s:-vy:;! :., S:. :s \',':s~"; -S32P. S~-
:;y .~J..C ~""'i··::; v~ss ;.":'?•':>:' ~es~-;,ye} ·a:e. ;~"".J ~; :.r~ :~ ~: ,_ :=.::j: ,-,·:::.~:: ~·;·~~:;. ·., ....... . '\~ ~ ·; ·. 'H;·L:· (~·;--L' LS:. "E-~:- L~~ '::' :L;· ~rr; :<" ~,. . ; t ... _ .... !j• ::-r.; -~~ ,., 1.1\•- ,. ''.,1 :! -. • :0""'• ' .... 1 \' ~ .. , , ., 
'3:~ 
= ,., .~. 
\ ... ·, 
I ' I l:\! ( I· r ~-f.· (H.!•.'·' [i.l if·'! jl);···;···. f.'; :; . ' .. ~: iLl {fi'l ,, 'r:i :-. : j' t· \" ~ 1_1'1, .t,, .-,. ;.) .' 1: II,J ,,.;, :'1 ~,,:: ,·, ii)·: ·,, ,. ll·J ~; ., ' ~ : . 
211 15,060 12,783 13,143 10,210 0.87 0.80 75 7.5 112,950 95,875 8.032 5,610 0.70 10.0 8,450 s 18,213 1.3 34.4 sm 0.65 
213 14,547 12.177 12,490 9,657 0.86 0.79 75 7.5 109.100 91,325 8,042 5,617 0.70 10.0 20,875 18 19.578 1.3 33.6 (1297) (0.09) 
215 15.100 13.147 12,730 10,960 0.84 0.83 75 7.5 113,250 9S,SOO 8,022 5,607 0.70 (20.0) 12,000 11 18,911 1.3 32.8 S911 0.~6 
218 14}00 12,667 12,347 10,270 . 0.84 0.81 75 7.5 110,250 S5.000 8.01$ 5,600 0.70 (3.3) 18,600 16 19,630 1.3 3l.2 1130 0.03 
220 15,297 12,453 13,330 9,573 0.87 0.77 75 7.5 114,725 93,400 8,015 5,590 0.70 (3.3) 17,100 IS 19,110 t~ 32.3 2010 0.!~ 
222 15,443 13,827 12,827 10.577 0.83 0.76 75 7.5 115,825 103,700 8,005 5,583 0.70 (10.0) 11.7?5 10 19,8SS 1.3 31.2 am 0.53 
225 15,320 13,600 12,967 10,960 0.85 o.at 75 7.5 114,900 102,000 3,012 5,587 . 0.70 S.7 13,325 12 20,076 1.3 30.1 6751 O.H 
227 15,690 13,803 12,880 10.870 0.82 0.79 75 7.5 117,600 103,525 7,988 5,577 0.70 (23.3) 13,125 1! 19,918 l3 32.1 S791 0.43 
229 15,S40 14,070 13,290 10,973 0.85 0.78 75 7.5 117,300 105,525 7,982 5,583 0.70 (S.7) 12,575 II 20,384 t3 31.3 7809 0.50 
232 16,027 14.083 13,600 11,420 0.85 0.81 ?5 7.5 120,200 105,625 7,955 5,580 0.70 (26.7) 13,6?5 12 20,332 l.3 29.2 SS57 0.42 
234 17,620 H.183 14,110 12,347 0.80 0.87 75 7.5 1n.tso 106,375 8,032 5,593 0.70 76.7 8.075 7 22,437 1.4 26.3 14362 0.82 
236 16,997 14.920 13,437 11.550 0.79 0.77 75 7.5 127.475 111,900 8,045 5,580 0.69 13.3 19,250 15 24,668 1.4 28.2 5418 0.32 
2~9 17,870 15,687 14,203 12,103 0.79 0.77 75 7.5 134,025 117,650 S.025 5,583 0.70 (20.0) 11,325 9 23,795 H 24.3 12470 0.70 
241 17,287 15.417 13.787 11.450 a.so 0.74 75 7.5 129,650 !15,625 8.008 5,567 . 0.70 (16.7) 19,650 15 25,018 1.4 24:5 5368 0.31 
243 1S,213 15,810 14,347 12,147 0.79 0.77 75 7.5 136,600 118,575 7,9$8 5,553 0.70 (20.0) 12,575 10 24,201 1.4 24.8 11626 0.64 
246 18,117 16,510 14,610 13.053 0.&1 0.79 75 7.5 135,875 123,825 7,982 5,563 0.70 (6.7) 13,275 10 25,499 1.4 25.3 12224 0.67 
248 18,167 17,077 H,SSO 12,513 0.81 0.73 75 7.5 136,250 128,075 7,948 5,547 0.70 (33.3) 10,300 8 25.363 H 25.4 15063 0.8~ 
250 17,877 16,613 14,587 13,007 0.82 0.78 75 7.5 134.075 124,800 7,955 5,533 0.70 6.7 11,150 e 25,433 1.4 23.8 14283 0.80 
253 18,037 1s.m 14,570 !2,897 0.81 0.78 75 7.5 135,275 123,550 7.932 5,527 0.70 (23.3) !2,275 9 25,027 1.4 25.7 12752 0.71 
'255 r-- 18,337 16,567 14,603 12,933 0.80 0.78 75 7.5 137,525 124,250 7,928 5,543 0.70 (3.3} 11,275 8 25,251 1.4 25.3 13976 0.76 
r-257 r-· 1s.so3 17,237 15,383 13,573 0.78 0.79 75 7.5 148,525 129,275 7,87S 5,55? 0.71 [50.0) 12,000 9 29,339 1.& 22.7 (1339 0.88 
260 19,480 16,683 15,280 12.577 0.78 0.75 75 7.5 146,100 125,125 7,902 5,547 0.70 30.0 21,150 14 31.685 tS 19.4 10535 0.54 
262 19,067 17,363 14,663 13,347 0.77 0.77 75 7.5 143,000 130,225 7,SS2 5,540 0.70 (26.7) 17,875 !2 31,168 tS ns 13293 ~-
17:i3115,413 ' 0.71 
.. 
264 19,800 12,163 0.78 0.70 75 7.5 148,500 129,475 7,S!2 5,550 (70.0) IS,775 13 30,507 I.S 19.5 11732 0.59 
267 19,367 18,120 14,920 14,037 0.77 0.77 75 7.5 145,250 135,900 7,875 5,537 0.70 63.3 7,850 5 31,SSO 1.6 21.5 23830 1.23 
269 19.317 13,023 14,950 13,530 0.77 0.75 75 7.5 144,875 135,175 7,852 5,547 . 0.71 (23.3) 11.825 8 30,987 1.6 19.6 19162 0.99 
271 19,707 18,280 15,327 13,457 0.78 0.74 75 7.5 147,800 137,100 7~22 5,533 0.71 fJO.O) 10.025 7 30.907 ts 19.S 20882 1.06 
274 19,5SO 18,540 15,193 13,S97 O.?S 0.74 75 7,5 146.700 139,050 7,792 5;643 . 0.71 (30.0) 11.000 7 31,531 1.6 20.2 20631 1.05 
276 19,433 lS.4SO 14,950 13,697 0.77 0.74 75 7.5 145.750 138,450 7,752 5,5£7 . 0.71 (40.0) 11,250 8 31,296 1.6 20.3 20046 1.03 











































DATA FOR i-SGBR PERFOR"\1ANCE 
Table Dl.l: Phase II data for COD and sCOD 
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TableD 1.1: Phase II data for COD and sCOD cont. 
INFLUENT AfiOXIC ANOXIC AERATION 
RAS CLARIFIER CLARIFIER 
OPERATIONAl INFLUENT AVERAGE EFFLUENT EFflUENT EffLUENT 
$'COD: EfflUENT EFFLUENT 
DAY AVERAGE sCOD COD sCOD sCOD JIIJFL. sCOD COD COD(mg/L) 
(mgll) (mgll) (mgll) (mgll) 
DIGESTER 
(mgll) (mg/L) (mgll) 
as 1475 541 m 243 33 23 20 36 
81 1326 462 527 256 31 28 22 38 
as 1270 423 6!2 282 4S 33 32 53 
32 1533 564 702 260 41 36 30 63 
34 lOSt 436 616 223 36 27 21 45 
36 1563 588 743 271 46 37 30 63 
ss 1453 584 715 263 43 31 28 48 
101 1022 500 680 258 33 35 21 42 
103 1473 566 706 264 43 38 23 46 
106 1463 567 706 264 40 37 23 3S 
108 363 411 684 254 33 35 26 44 
110 1473 584 725 263 41 38 30 41 
113 1363 551 66$ 246 41 35 28 44 
115 31$ 452 634 242 33 33 25 41 
111 715 317 616 238 38 34 28 46 
120 1580 553 633 261 42 34 27 47 
122 1111 502 676 250 3S 35 26 45 
124 1430 SSI 707 263 43 37 30 48 
127 1471 583 705 267 33 35 26 47 
123 1045 483 663 262 44 38 30 51 
131 1443 558 632 261 41 36 28 43 
134 1040 412 763 271 48 42 32 68 
136 1018 403 633 256 56 50 36 86 
138 1255 474 745 285 53 45 34 11 
141 821 3S3 653 250 5S 50 43 78 
143 1375 540 6SS 261 46 36 31 66 
145 1550 570 720 236 51 42 35 71 
148 314 42S 702 233 48 41 32 64 
150 1240 432 718 253 51 45 35 10 
. ~152- - 1263 503 713 263 48 44 33 66 
155 1334 535 746 26S 53 48 37 10 
157 1113 423 724 261 50 45 35 67 
ISS 1301 481 738 210 53 47 37 11 
162 1433 515 748 214 so 45 35 6S 
299 
Table 01.2: Phase Ill data for COD and sCOD 
INFLUENT ANOXIC ANOXIC AERATION RAS CLARIFIER CLARIFIER 
OPERATIONAL INFLUENT AVERAGE EFFLUEJIIT EFFLUENT EFFLUEJIIT 
j;COD: EFFLUENT EFFLUEM' AVERAGE I NFL DAY COD (mg/t) sCOD COD sCOD sCOD DIGESTER sCOD COD 
(mgll) (mgll) (mg/L) (lflljll) 
(mg/L) (mgll) (mg/l) 
162 1433 515 74$ 274 so 45 35 63 
164 1082 413 600 246 32 24 1S 54 
166 sso 386 513 235 25 11 14 · Sl 
163 1032 413 611 250 30 18 15 45 
1l1 S52 $SS 512 235 24 15 13 44 
113 1021 430 618 230 21 20 1S 40 
176 1040 413 5S3 233 1S 1l 16 21 
118 sss 413 SS4 235 21 16 15 20 
tao 1013 420 603 231 1S 20 IS 23 
183 1001 444 SSt 231 1S 18 16 21 
185 555 427 m 232 21 15 18 15 
187 1028 442 715 281 36 34 28 5'6 
180 1007 424 633 250 35 26 21 48 
182 5$0 408 608 240 27 20 16 33 
154 SS7 413 618 244 32 IS 16 33 
1S7 1014 404 627 241 31 21 22 42 
188 832 418 611 241 22 22 20 21 
201 1005 388 5$3 241 23 21 1S 23 
204 885 411 614 242 23 21 20 24 
206 86S 387 582 240 22 22 20 30 
208 1024 404 570 242 23 21 1S 26 
211 1050 420 674 267 43 31 21 11 
213 1033 406 650 253 33 23 21 55 
215 1003 40~ 581 231 40 25 22 42 
213 1020 457 6SS 211 Si 31 26 51 
220 1016 437 658 263 23 26 25 33 
222 1072 433 680 253 25 24 21 35 
225 1017 461 611 255 24 25 22 31 
227 1011 426 653 251 27 27 23 25 
22S 1015 444 660 253 25 25 21 32 
232 1026 43S 648 254 21 24 23 36 
234 1075 460 746 2S1 46 3S 3S 72 
236 1023 446 6SS 213 40 31 21 71 
233 1037 445 632 247 34 26 23 51 
241 1065 471 111 278 41 38 32 50 
243 1022 445 588 241 28 25 21 35 
246 1024 423 681 266 2S 26 24 41 
243 1015 436 668 268 28 24 23 38 
250 1034 41& 658 25$ 30 2S 25 44 
253 1023 433 615 268 28 26 24 41 
255 1037 423 662 263 30 30 27 43 
257 1056 416 762 238 43 44 42 70 
260 1031 445 101 284 33 31 28 85 
262 1000 438 658 265 28 26 22 ~ 
264 1030 455 634 275 41 38 31 ss 
267 1013 412 636 266 26 24 21 43 
263 1040 412 651 27S 33 31 33 4S 
271 1014 426 660 276 33 33 28 45 
274 1002 385 636 211 33 32 32 53 
276 1032 417 660 282 31 32 30 47 
278 1013 3S7 642 218 33 32 2$ 50 
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Table 01.3: Phase II data for BODs 
SAMPLING INFLUEI\IT EFFlUEI\IT 
INFLUEI\IT EFFLUEfoff 
DATE 
DAYS BODs BODs 
,COD/BODS COD/BODs 
RATIO RATIO 
08106115 1 381 108 0.8 0.3 
10106115 3 
12106115 5 854 127 0.6 0.3 
1510Sif5 8 
17106115 10 
19106115 12 333 71 o.a 0.3 
22106115 15 
24/06115 17 
2SIOSn5 13 635 14 0.3 0.3 
29/06115 22 
01107115 24 
03107115 26 6a6 5 0.6 0.2 
06107115 23 
08/07115 31 683 a 0.3 0.3 
10107115 33 337 a 0.6 0.3 
13107115 36 
15107115 3a 
17107115 40 822 1 o.s 0.2 
20107115 43 
22107115 45 
24107115 47 327 10 0.6 0.3 
27107115 50 
29107115 52 
31107115 54 628 18 0.4 0.3 
03/08115 51 
05/08115 53 
07108115 61 683 1 0.1 0.2 
10108115 64 
12108115 66 
14108115 68 711 13 1.0 0.2 
17/08115 71 
19108115 73 
21/08115 75 803 7 0.3 0.2 
24108/15 78 
26108/15 80 




Table Dl.3: Phase II data for BODs 
SAMPLING INFLUENT EFFLUENT INFLUENT 
EFFLUENT 
DATE 
DAYS BODs BODs COO/BOOS 
COO/BODs 
RATIO RATIO 
'~'---"'-'*"'""·''-<-"-'·-·· r--~-~·-··-· :----- -~--~~"'··--"'' r-·"----·· ~---·----~·""""'-"-
31108115 85 
02109115 87 
04/09115 as 7SS 16 0.6 0.3 
07109115 S2 
09109115 S4 
11109115 S6 866 17 0.5 0.3 
14109115 ss 
18109/15 101 
18109115 103 78~ 15 0.5 0.3 
21109115 106 
23109115 108 
25109115 110 810 24 0.5 0.6 
28109115 113 
30/09115 115 
02110115 111 66~ 12 0.7 0.3 
05/10115 120 
07110115 122 






23110115 138 807 20 0.6 0.3 
26110115 141 
28/10115 143 
30#10/15 145 845 17 0.5 0.2 
02111115 148 
04111115 150 
08111115 152 846 13 0.6 0.3 
09111115 155 
11/11115 157 
13111115 153 S22 17 0.7 0.2 
16111115 162 0 0 0.0 0.0 
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Table D 1.3: Phase III data for BODs 
SAMPLING INFLUENT EFFLUENT INFLUENT EFFLUENT DATE CODIBOD5 COD/BODs DAYS BODs BOOs RATIO RATIO 
- ,,.....__...,_.,,.-~.-....--- __ ,_ . .., __ "''' 
~=-~·--~,~·--·-~--~-. ··---,···~---~--·-··· 
.,. ... .__ ___ ,_ ... ,_~ 
..-.-.,--~ ... ---~·"-·~·- . ~-··--._,.,,.,.._,..-.~~-·-· . 
16111n5 162 0 0 0.0 0.0 
18/11115 164 0 0 0.0 0.0 
20111115 166 570 15 0.6 0.3 
23111115 163 0 0 0.0 0.0 
25111115 111 0 0 0.0 0.0 
27111115 173 516 13 0.5 0.3 
30111115 176 0 0 0.0 0.0 
02112115 178 0 0 0.0 0.0 
04112/15 180 483 3 0.5 0.1 
07112/15 183 
09112115 185 
11112115 187 514 10 0.5 0.2 
14112115 1SO 
16112115 1S2 
18112115 1S4 628 11 0.6 0.3 
21112115 1S7 
23112115 1SS 
25112115 201 651 4 0.6 0.1 
28112115 204 
30112115 206 
01101116 208 645 s 0.6 0.4 
04/01116 211 
06101116 213 
08101116 215 635 17 0.1 0.4 
11101116 218 
13101116 220 
15101116 222 644 6 0.6 0.2 
18/01116 225 
20101116 227 
22101116 22S 570 10 0.6 0.3 
25101116 232 
27101116 234 
29101116 236 538 24 0.6 0.3 
01102116 23S 
03102116 241 





250 ' 542 .. , ~ . 14 ' ,, 0:5 ,. ().3 
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Table Dl.4: Phase II data for Total suspended solids 









(mg!L) (mg!L) (mg!L) 
08/06/15 1 533 209 04/09/15 89 655 65 
10/06/15 3 694 222 07/09/15 92 731 30 
12/06/15 5 715 220 09/09/15 94 586 44 
15/06/15 8 487 143 11/09/15 96 731 32 
17/06/15 10 529 130 14/09/15 99 715 42 
19/06/15 12 560 134 16/09/15 101 519 30 
22/06/15 15 544 106 18/09/15 103 748 36 
24/06/15 17 510 94 21/09/15 106 739 30 
26/06/15 19 519 43 23/09/15 108 488 29 
29/06/15 22 478 24 25/09/15 110 739 36 
01/07/15 24 694 23 28/09/15 113 642 31 
03/07/15 26 642 28 30/09/15 115 487 34 
06/07/15 29 675 22 02/10/15 117 403 31 
08/07/15 31 681 21 05/10/15 120 731 35 
10/07/15 33 731 25 07/10/15 122 586 30 
13/07/15 36 547 19 09/10/15 124 731 34 
15/07/15 38 748 22 12/W/15 127 715 31 
17/07/15 40 723 18 14/10/15 129 519 34 
20/07/15 43 497 19 16/10/15 131 748 40 
22/07/15 45 711 26 19/10/15 134 518 51 
24/07/15 47 707 20 21/10/15 136 516 62 
27/07/15 50 488 23 23/10/15 138 624 50 
29/07/15 52 739 56 26/10/15 141 597 59 
31/07/15 54 676 47 28/10/15 143 681 44 
03/08/15 57 487 27 30/10/15 145 705 48 
05/08/15 59 508 45 02/11/15 148 523 43 
07/08/15 61 434 27 04/11/15 150 619 47 
10/08/15 64 411 43 06/11/15 152 627 50 
12/08/15 66 586 22 09/11/15 155 698 44 
14/08/lE 68 360 40 11/11/15 157 593 51 
17/08/15 71 497 31 13/11/15 159 695 46 
19/08/15 73 739 33 16/11/15 162 719 51 
21/08/15 75 497 24 
24/08/15 78 711 25 
.. 
26/08/15 80 707 29 
28/08/15 82 488 27 
31/08/15 85 739 26 
02/09/15 87 676 23 
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Influent Effluent DATE 
DAYS 
Influent Effluent 
(mg/L) (mg/L) (mg/L) (mg!L) 
18/11/15 164 510 34 15/02/16 253 481 35 
20/11/15 166 483 43 17/02/16 255 527 38 
23/11/15 169 491 47 19/02/16 257 523 59 
25/11/15 171 471 35 22/02/16 260 519 46 
27/11/15 173 510 41 24/02/16 262 487 46 
30/11/15 176 516 25 26/02/16 264 523 54 
02/12/15 178 497 26 29/02/16 2bl 491 48 
04/12/15 180 507 24 02/03/16 269 477 42 
07/12/15 183 512 26 04/03/16 271 487 41 
09/12/15 185 505 28 07/03/16 274 471 43 
11/12/15 187 533 48 09/03/16 276 484 41 
14/12/15 190 517 44 11/03/16 278 480 44 
16/12/15 192 499 34 
18/12/15 194 490 38 
21/12/15 197 516 40 
23/12/15 199 497 31 
25/12/15 201 507 27 
28/12/15 204 516 30 
30/12/15 206 499 29 
01/01/16 208 487 31 
04/01/16 211 522 50 
06/01/16 213 505 39 
08/01/16 215 481 35 
11/01/16 218 505 43 
13/01/16 220 487 30 
15/01/16 222 539 36 
18/01/16 225 498 30 
20/01/16 227 492 35 
22/01/16 229 531 32 
25/01/16 232 515 33 
27/01/16 234 546 51 
29/01/16 236 508 53 
01/02/16 239 515 40 
03/02/16 241 537 39 
05/02/16 243 489 30 
08/02/16 246 491 40 
10/02/16 248 481 37 
12/02/16 250 505 40 
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Table D1.5: Phase II data for Ammonia, Nitrate, Nitrite, TKN and TN 




TKN ~-N N~·N TN TKN ~-N N~-N NO:!-N TN 
08/06/2015 I 79.1 45.8 0.5 80.0 5.9 5.8 8.7 O.ll 14.7 
10/0612015 3 54.0 0.7 84.7 7.7 8.2 0.00 16.0 
1210612015 5 883 56.3 0.4 88.7 8.1 8.1 10.1 0.13 18.3 
15/0612015 8 40.4 0.4 65.0 4.0 9.3 0.00 13.7 
17/0612015 ID 50.8 0.3 78.7 5.7 10.6 0.00 16.3 . 
19/0612015 12 78.0 501 0.5 78.7 6.6 6.5 11.7 0.04 183 
22106.12015 15 53.& 0.4 86.7 63 103 0.00 16.7 
24/06/2015 17 39.1 0.1 64.3 2.9 11.5 0.00 14.3 
2610612015 19 81.3 52.2 0.2 813 5.! 5.0 109 0.63 16.0 
29/0612015 .22 46.1 OJ 74.0 2.0 11.3 0.00 13.3 
01/07/2015 24 43.8 02 70.7 1.4 10.8 0.00 123 
03/0712015 26 75.4 46.4 0.4 76.5 1.6 1.5 1!.7 0.10 l3.3 
06/07/20!5 29 44.6 OJ 70.3 1.2 11.0 0.00 12.3 
08107/2015 31 46.1 0.4 73.5 1.5 11.5 0.00 13.0 
10101nms 33 71.5 46.8 0.5 71.0 1.4 1.3 10.9 0.07 12.3 
13/07/2015 36 49.2 0.4 79.0 1.6 10.6 0.00 123 
!510112015 38 46.3 0.5 74.7 15 11.2 0.00 12.7 
17/07/2015 40 72.6 46.3 02 71.3 1.7 1.6 10.3 0.00 12.0 
20!0712015 43 46.0 o.3 73.7 1.4 10.9 0.00 12.3 
22107/2fll5 45 443 0.4 715 13 10.6 0.00 12.0 
24/07/2015 47 71.6 45.1 0.5 713 1.7 1.6 10.6 0.05 12.3 
27/07/20!5 50 48.4 0.3 78.0 !.7 10.9 0.00 12.7 
29/07/2015 52 40.8 0.6 65.7 1.2 11.8 o.oa 13.0 
31/07/2015 54 64.0 403 0.4 64.7 1.2 J.l 12.1 0.04 13.3 
0310812015 57 493 0.4 80.0 1.6 13.3 0.00 15.0 
05/08/2015 59 46.5 0.2 75.5 1.6 10.7 0.00 123 
07108/2015 61 71.1 45.4 0.1 7().5 1.5 lA Il.S 0.02 13.0 
1(110812015 64 44.3 0.5 70.5 1.5 11.1 0.00 12.7 
12108/2015 66 44.8 0.4 12.0 1.5 11.8 0.00 13.3 
14/08/2015 6B 682 43.9 o.3 70.0 1.5 1.5 10.5 0.02 12.0 
17/08/2015 71 49.8 0.3 80.0 1.6 11.3 0.00 13.0 
19/08/2015 73 49.0 0.3 79.5 1.4 14.1 0.00 15.7 
21/08/2015 15 77.3 50.8 0.3 77.7 1.7 1.7 12.8 0.10 14.7 
24/08/2015 78 49.6 0.4 80.0 1.5 11.1 0.00 12.7 
26/08n015 80 49.3 0.5 78.3 1.5 10.4 0.00 12.0 
28/08/2015 82 8!.9 52.1 0.3 82.0 1.7 !.1 10.5 0,09 12.3 
31108/2015 85 56.0 03 88.3 1.7 10.9 0.00 12.7 
02/lm.Ol5 87 56.3 o.3 89.7 1.7 111 0.00 13.0 
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Table Dl.5: Phase II data for Ammonia, Nitrate, Nitrite, TKN and TN cont. 
INFLUENT CONC. ,(m~ll EFFLUENT CONC., (mg/Ll 
DATE OPERATIONAL TKN NHc·N NOI'N TN TKN NHrN NO,·N NOtN TN DAY 
''"' ·~ i 
3110812015 85 58.0 0.3 88.3 1.7 10.9 0.00 12.7 
02109/2015 87 58.3 0.3 89.7 1.7 U.2 0.00 13.0 
04109/2015 89 87.3 54.3 0.6 88.3 2.S 2.5 12.0 0.05 14.7 
0710912015 92 58.4 o.s 92.3 3.1 12.5 0.00 15.7 
09/09/2015 94 51.8 0.3 82.7 2.1 14.2 0.00 16.3 
1110912015 9S 87.3 5S.5 0.7 87.7 2.6 2.5 11.7 O.OB 14.3 
1410912015 99 55.8 0.4 87.3 2.7 12.8 0.00 15.7 
16/0912015 101 51.5 0.5 82.7 2.2 12.4 0.00 14.7 
18/0912015 103 SS.S 56.7 0.5 89.3 2.2 2.2 12.3 0.09 14.7 
2110912015 106 55.8 0.5 88.7 2.3 12.6 0.00 15.0 
23/0912015 108 49.1 0.3 77.7 2.1 12.5 0.00 14.7 
25/09/2015 110 90.2 56.7 0.3 90.7 2.3 2.2 12.7 0.07 15.0 
2810912015 113 87.8 55.3 0.3 88.0 2.4 2.3 17.5 0.08 20.0 
3010912015 115 82.0 51.3 0.2 82.3 2.4 2.3 16.5 0.09 19.0 
0211012015 117 81.6 51.3 0.4 82.0 2.2 2.2 17.4 0.05 19.7 
0511012015 120 87.6 55.0 0.1 88.0 2.4 2.3 17.5 0.09 20.0 
07110/2015 122 73.6 46.3 0.3 74.0 2.1 2.1 1S.8 0.08 19.0 
09110120!5 124 89.0 56.5 0.4 89.3 2.3 2.3 17.2 0.09 19.7 
12~1012015 127 88.5 56.1 0.3 88.7 2.4 2.3 17.3 0.03 19.7 
14/1012015 129 80.4 50.5 0.3 81.7 2.2 2.1 17.1 0.09 19.3 
IS/10/2015 131 83.6 55.1 0.5 84.3 2.8 2.7 17.2 0.06 20:0 
1911012015 134 94.5 59.3 0.3 94.7 3.3 3.2 13.3 0.06 16.7 
21110/2015 !3S 52.6 0.5 84.7 2.8 14.8 0.00 17.7 
2311012015 138 81.9 54.3 o.s 82.7 3.0 2.9 11.9 0.10 15.0 
26/1012015 141 44.8 0.4 70.7 2.2 13.5 0.00 15.7 
2811012015 143 56.8 0.4 91.3 3.0 14.3 0.00 17.3 
3011012015 145 91.4 57.6 0.6 91.7 3.0 2.9 13.9 0.10 17.0 
0211U2015 148 53.0 0.4 853 2.8 13.8 0.00 18.7 
0411112015 150 48.4 O.S 7S.3 2.8 13.5 0.00 16.3 
0611112015 152 88.1 55.3 0.4 88:7 2.9 2.9 14.4 0.08 17.3 
09/1112015 155 56.4 o.s 90.7 2.9 14.1 0.00 17.0 
1111112015 157 57.1 0.3 91.7 2.9 13.7 0.00 16.7 
1311112015 159 82.3 5!.1 0.5 82.7 2.9 2.9 13.7 0.06 16.7 
16/1112015 162 5S.8 0.5 89.7 2.8 14.3 0.00 17.3 
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Table D 1.6: Phase III data for Ammonia, Nitrate, Nitrite, TKN and TN 
,, 
INFLUENT CONC., (mg/L) EFFLUENT CONC., (mg/L) 
DATE OPERATIONAL TKN NH4•N NO,·N TN TKN NH,·N NOs·N NOrN TN OAV 
1$11112015 1S2 56.8 0.5 89.7 2.8 14.3 0.00 17.,3 
1811112015 164 53.0 0.6 85.3 3.5 14.4 0.00 17.0 
2011112015 ISS 81.3 54.6 0.3 81.1 3.2 2.3 14.1 o.os- , 17o3,, 
23111/2016 ISS 51.8 0.5 83.3 2.5 15.8 0.00 IS.7 
2511112015 171 52.8 O.G 85.3 1.9 14.4 0.00 16.7 
27111/2015 173 79.1 52.3 0.5 80.3 2.4 2.2 14.1 0.09 17:0 
30/lt/2015 176 52.9 0.4 85.3 2.1 13.8 0.00 16.3 
0211212015 178 53.3 0.6 86.7 2.3 13.4 0.00 16.0 
0411212015 lSD 87.5 54.0 0.3 87.3 2.4 2.3 14.0 0.05 17.0 
0711212015 183 53.1 0.5 86.7 2.5 13.8 0.00 16.7 
0911212015 185 52.4 0.2 83.7 2.3 13.4 0.00 16.3 
11112:/2015 187 90.9 51.3 0.1 79.7 3.4 3.2 17.6 0.05 21.7 
1411212015 190 55.4 0.2 88.7 3.1 15.4 0.00 19.0 
1811212015 192 57.0 0.3 92.3 4.2 1S.4 0.00 21.3 
1811212015 194 86.7 53.0 0.5 85.0 3.3 3.2 17.5 0.06 21.3 
2111212015 197 51.8 0.3 83.0 2.7 14.7 0.00 18.3 
231121201!1 199 63.0 0.6 8H 3.2 14.4 0.00 18.7 
2511212015 201 85.5 53.6 0.5 86.7 3.4 3.1 14.9 0.08 19.0 
281.1212015 204 54.3 0.3 86.7 3.2 14.6 0.00 18.7 
3011212015 206 53.4 0;4 85.3 3.3 14.9 0.00 19.0 
0110112016 208 83.3 53.0 0.3 85.0 3.6 3.2 14.5 o.nt 19.3 
0410112016 211 56.0 0.4 79.3 3.3 18.3 0.00 22.3 
06101/2016 213 52.6 0.3 88.7 3.2 16.3 0.00 20.0 
0810112016 215 85.4 63.1 o.s 85.7 3.6 3.4 18.8 0.08 23.3 
1110112016 218 51.8 0.6 79o5 2.9 16.5 0.00 20.7 
1310112018 220 53.0 0.3 85.0 3.1 15.3 0:00 19.3 
1510112016 222 91.1 56.5 0.5 92.0 3.7 3.6 15.5 0,04 20.3 
18/0112016 225 49.0 o.s 78.7 3.4 15.3 0.00 19.3 
20/0112016 227 62.8 0.5 85.0 3.5 15.2 0.00 19.3 
2210112016 229 82.6 51.6 0.4 83.0 3.4 3.3 15.4 0.03 19.3 
2510112016 232 50.4 0.6 81.3 3.4 15.6 0.00 20.3 
2710112016 234 51.1 0.3 80.7 3.8 19.6 0.00 24.0 
2910112016 236 89.3 58.5 0.5 SS.7 4.1 4.0 18.1 0.03 23.0 
01/0212016 239 56.8 0.2 88.7 3.2 15.9 0.00 20.0 
03/021201S 241 52.6 0.1 81.7 3.1 18.9 0.00 22.7 
0510212016 243 85.3 54.1 0.2 85.7 4.1 4.0 16.0 O.o7 21.0 
0810212016 246 55.3 0.3 83.7 4.1 16.4 0.00 21.7 
1010212016 24S 49.0 0;5 79.0 3.9 16.$ 0.00 21.3 
1210212018 250 822 51.8 0.3 82.7 4.2 4.1 16.2 0.00 21.3 
15102/2016 253 48.3 0.6 79.7 4.0 16.8 0.00 21.7 
1710212016 255 51.8 0.5 82.3 4.3 16.6 0.00 21.3 
1910212016 257 $8.2 5$.6 0.3 88.7 5.2 5.1 20.4 0.06 26.3 
2210212016 2$0 48.4 0.4 78.7 4.6 17.4 Q.OO 23.7 
2410212016 2$2 52.6 0.3 87.3 5.0 19.5 0.00 25.0 
2610212016 264 85.6 54.3 0.4 86.3 5.$ 5.5 18.1 0.1)7 24.3 
2910212016 2$7 50.5 o;3 81.0 5.1 18.8 0.00 24.7 
02103f201S 269 49.9 o.s 80.0 5.2 17.7 0.00 23;7 
04103/2016 271 83.7 51.8 0.2 84.0 5.3 5.2 18.8 O.G7 24.7 
0710312016 274 49.8 0.1 79.7 5.1 17.9 0.00 23.7 
09/0312016 276 50.1 0.2 80.7 5.2 17.7 0.00 23.3 
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Table El.l: Anoxic chamber denitrification performance cont. 
-- ---- - --
Qc )."itrate cone. 
Specific Spec. COD Rtm. Spec .. COD Rtm. 
Day Qiri (tpd) IR 
QRAS, Qiri ·IR. QRAS, 
(combined .1COD'j,\r0.; 
.-\.'\"X-C Nitr. 
Into A .. "\"X.C 
DMitri. dtnitri. Rate Rate-.-\..'\'X..C. Rate-AER..C, 
Lpd (lpd) Lpd. 
flow, L d) 
Loadg(g d) 
(mgt) 
Effie,%- (mg :\01-X g. (mgCODmg. (mgCODmg. 
vss .d) YSS.d) \'SS .d) ... . .. 
5.7 45 6 0.8 2?0 23 3.51 1-1.6 0.16 H.9 9S.S 102 0.190 0.06> 
59 45 6 o:s 2i() ,~ -> 3.51 1S3 0.24 3.2.1 9U 99 0.231 0.069 
61 -15 6 O;S 270 23 .m 1.5.5 0.25. 32.8 98.9 9.t 0.1Si 0.069 
64 4S 6 o.s 2'i0 13 l~l 11.4 0.24 32.1 98.7 94 O.tss 0.047 
66 4.5 6 o.s. 2i'O ')~ -~ 3.51 21.9 014 3U 98,5 93 0.162 0.09S 
6S 4.5 6 o.s 270 ,.~ .;> 3.51 14.1 0.2-f .n.s 9U 92 0.167 0.060 
11 .S5 6 o.s 2'10 1. • .> 351 1.6:6 0:2.S 32:3 97.9 S9 0.189 0;06;' 
~3 .:s 6 o.s 2::0 ,. -.> 35! 26.3 0.26 u.s 9S3 96 o ..m (U18 
~.s 45 6 o.a 2"0 ,. .:I 35.1 U.2 015 33.5 9S.7 95 ()Jj3 0.0.58 
'7S 4.5 6 o.s 270 ')• -" m 27.S 0:24 31.9 98.6 9.1 o .. m OJ09 
so .S5 6 o.s 270 ,. -> :m 21.2 0.24 ''I' :t •.• 9S.: 91 OJ IS o.m 
S2 45 6 O.S 2i0 23 m IJ.7 0.24- 31.S 9S.6 ss 0.166 0.061 
85 -l5 6 o.s 270 ... "" 351 29:4 0.24 n.o 9S:6 92 ();.)48 0.12i 
81 J5 6 o.s 21() ~· _ _, m 25.1 0.2J l2.3 98.6 93 0.298 0.091 
89 ')() 6 05 J!O 35 m !S.9 tHO ·~ ~ .1~.~ 98.S 122 OJOS 0.1:!2 
92 10 6 05 .uo 35 m 25.1 0:41 ;6.0 9S~7 l26 O.J!l o.m 
9-t 70 6 05 .;20 35 m B.O O.J2 36.8 9.S.S 1J6 0.25J O.OSJ 
96 '70 6 0.$ J20: 35 m 2).5 0.-lO >B 98.9 1~6 0.5 O.t 
99 ~o 6 0.5 .uo 35 m 20.'1 0.~1 36:1 9S.s 14$. 0,4 0.1 
101 :o 6 05 .!20 35 m 9." 0.40 35;6 9S.S !58 0.21 0.06 
103 ~() 6 0.5 J2(l 35 5.!5 21.8 o ..n 16.0 9.8.1 m 0..:.-l 0.1~ 
106 iO 6 05 J20 35 m 2!.3 0 . .11 36.1 98.7 lJS 0 • .£2 O.lJ 





































































































Table E 1.1: Anoxic chamber denitrification performance cont. 
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Spec. COD Rem., Spe::. COD Rem. 
F..ate-.-\..;.'\.""X.C. Rate-.-\.ER-C. 
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Table El.l: Anoxic chamber denitrification performance cont. 
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